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1.1 The Investigation of the Flowfield in 
a Confined Jet 
A need for more thorough understanding of the fluid dynamics of the 
flow in a gas turbine combustor chamber has been recognized by designers 
in recent years. The flowfield is presently being investigated using 
various methods of approach, such as computer simulation (1-5), flow 
visualization (5-6) and time-mean velocity measurements (7-14) for both 
swirling and nonswirling flows. 
Until recently, extensive and reliable experimental data for swirl-
ing flow have been unavailable, and more experimental data are needed. 
Such data together with combustion characteristics would be very useful 
to designers as well as to theoretical investigators who could compare 
the experimental data with the data obtained from the simulated mathemati-
cal methods. 
Current research focuses on measuring time-mean velocity and investi-
gating the extent of the recirculation zone (known to have great effects 
on flame stability and length) and the effects of geometric parameters on 
the flowfield in a confined can-type gas turbine combustor. 
In order to study the flow phenome.na in the combustor, it is neces-
sary not only to know the static pressure and flow velocity, but also the 
flow direction. In addition, the sensing probe must be sufficiently 
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small to be capable of point measurement without appreciably affecting 
the flow in the passages by its presence. In these experiments, the five-
hole pitot probe was used because it is acutely sensitive to flow, con-
venient to manipulate and relatively compact. Measurements were taken 
for nonsirling and swirling flow with and without a contraction block in 
an axisymmetrical confined jet facility simulating typical geometry. All 
flowfields were nonreacting. 
1.2 Review of Previous Flowfield 
Measurement Studies 
Lee and Ash (7) developed and calibrated a three-dimensional spher-
ical pitot probe which would measure the static pressure and the magni-
tude and direction of the velocity vector for any arbitrary flow angle 
without needing to be adjusted. It was designed mainly for measuring the 
relative flow through rotating three-dimensional blade cascades. 
An investigation of flow patterns in the gas turbine combustion 
chamber with a three-dimensional probe was done by Hiett and Powell (8) 
in the early nineteen sixties. They found that there is a large recir-
culation zone between the main flow along the centerline and the second 
flow along the chamber wall, and that there is a high temperature zone 
in this area. 
Janjua (9) measured three velocity components and turbulence levels 
for nonswirling flows with the six-orientation hot-wire technique. An 
uncertainty analysis done on this technique reveals that turbulence in-
tensities and shear stresses are extremely sensitive to some input par-
ameters such as yaw factor and mean voltages. 
Velocity distribution in a sudden expanding circular duct was 
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investigated by Moon and Rudinger (10) with a Laser-Doppler velocimeter. 
These experiments located both the dividing streamline, which separates 
the main flow from the recirculation region, and the point of the flow 
reversal in the recirculation region. 
Chaturvedi (11) measured the mean velocity and pressure and the char-
acteristics of the turbulence by using a stagnation tube and pitot probe 
in a can-type axisymmetric expansion combustor for isothermal nonswirling 
flowfields. His data will be compared with the current research results 
because of the close geometric similarity and experimental conditions. 
Furthermore, in his experiment a single and cross-hot wire were used to 
measure the longitudinal component of turbulence intensity, u~s' radial 
intensity, v' , and turbulent shear stress, u'v'. 
rms 
Systematic research of swirl was done by Mathur and Maccallum (12). 
The test facilities which they used for the free jet consisted of two 
concentric tubes with supplies of air to both the central (primary) and 
annular (secondary) streams. They used a three-dimensional probe to 
measure the velocity components in the three-dimensional flow. They 
measured the pressure drop across the vane swirler by both experimental 
work and theoretical analysis. They also investigated the distribution 
of the static pressure ~long the axis of the jets and the variations of 
the velocity distributions in the tube according to the change of swirl 
vane angle in the free jet. Mathur and Maccallum (12) followed the same 
procedure in the experiments for the enclosed jets as for the free jets 
and observed similar physical characteristics for the flows according to 
geometric changes. They determined that a large central recirculation 
exists along the axis in the swirling free and confined jets. A combus-
tion chamber of square cross-section was used. 
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Pratte and Keffer (14) have investigated a swirling jet having a 
moderate ratio of swirling to axial momentum. They showed that the flow 
achieved a self similarity for the mean velocities rather quickly while 
the normal turbulent intensities reached a self-similar state after a 
longer period of jet development. Also the entrainment rate and angle 
of spread for the swirling jet was found to be nearly twice that of the 
nonswirling free jet. 
1.3 Flowfield Independence of Reynolds Number 
Although the current experiments are being done under low speed and 
nonreacting conditions because of the limitations of the experimental 
facilities, the results can be applied to actual combustor hardware, 
which usually operate at higher Reynolds numbers than those used in the 
present test facility. 
Moon and Rudinger (10) noticed that the location of the flow rever-
sal is practically independent of the flow velocity over the range from 
about 40 to 90 m/s in the small tube. They also observed that, as the 
Reynolds number increases, the uncertainty in determining the reattach-
ment point appears to decrease. 
Rhode (5), who per=ormed experiments to investigate the asymptotic 
invariance of Red on the flowfield, showed that there is little change 
in the flowfield for Red~ 47,000, where Red is based on the nozzle inlet 
velocity and diameter. His study was done for x/D = 2.5, a = 90 degrees, 
and ~ = 38 degrees. Because the flow was considered to be most sensi·-
tive to Red at a location slightly downstream of the recirculation zone 
and the recirculation zone was observed just before the axial station of 
2.5. Also the central rather than corner recirculation zone was selected 
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since most of the combustion and flame stability occur there (17-19). 
Measurement traverses were repeated for the same conditions while increas-
ing Red for each of the flowfields. In the present study the experiments 
were repeated using the same procedure as Rhode but for x/D = 0.5, a = 
90 degrees, and ¢ 45 degrees, where the most extensive and strongest 
turbulent reverse flows had been observed in previous experiments. The 
results indicate also the excellent consistency of velocity profiles in-
dependent of Reynolds numbers for Red ~ 90,000 at the axial location as 
shown later in Figure 11. The present study uses Reynolds numbers rang-
ing from 53,000 to 220,000 as tabulated in Table I. For strong swirling 
flow with swirl vane angle ¢ = 70 degrees, the Reynolds number is 53,000. 
This is not high enough to be sure that the flowfiled is independent of 
Reynolds number, but 53,000 is the highest value which can be reached 
for ¢ = 70 degrees in the current experimental facilities. In this study, 
a flowfield is assumed to be independent of Reynolds number for Red > 
53,000. 
1.4 The Scope and Significance of the 
Present Research 
In the present study, a five-hole pitot probe was used to measure 
the magnitude and direction of the time-mean velocity in the combustor. 
Measurements have been carried out for sudden expansion and gradual ex-
pansion (side-wall expansion angle a = 90 and 45 degrees) for nonswirl-
ing and swirling flows [swirl vane angle zero (swirler removed), 38, 45, 
60; and 70 degrees]; and then with contraction block inserted at certain 
axial stations (L/D = 1.0 and 2.0). The raw data measured by a five-hole 
pitot probe are reduced by a FORTRA.i.~ computer program (which is described 
in Appendix C) and plotted as axial, radial, and swirl velocity compon-
ents by a plotting program using a complot plotter. 
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The current research is significant for the following reasons (23) : 
1. The magnitude and direction of the flow velocity is measured. 
2. The extent of the corner and central recirculation zones is 
identified. 
3. The effects of geometric parameters on the flowfields in the 
combustor chamber are determined. 
4. Miscellaneous results such as the performance of the swirl vanes 
and the independence of the f lowf ields from the Reynolds number are pro-
vided. 
The research is limited by the following factors: 
1. The difficulty in investigating the exact reattachment points 
of the flows. 
2. The low sensitivity of the probe to small velocities. 
1.5 Outline of the Thesis 
In the previous sections, the significance and scope of this study 
are introduced. Basic concepts are also given with reference to previous 
studies. 
Chapter II describes the facilities and instrumentation employed. 
This chapter also explains the operation of the five-hole pitot probe, 
the concept of swirling flow, and the way a swirler performs. 
The procedures of data measurements and reduction are described in 
Chapter III. A separate documentation in Appendix C contains a detailed 
description of the data reduction computer program and instructions for 
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its use. Descriptions of the calibrations of the voltmeter and the five-
hole pitot probe are also included in this chapter. 
Results for sudden expansion flows are discussed with emphasis on 
the extent of the recirculation zone in Section 4.1. Effects of geomet-
ric parameters such as a gradual expansion and a contraction nozzle are 
described in Sections 4.2 and 4.3. 
Chapter V summarizes all of these results and suggests further re-
search. 
Appendix A and B include tables and figures, respectively. User's 
guide to five-hole pitot probe data reduction computer program is in 
Appendix C. 
CHAPTER II 
EXPERIMENTAL FACILITIES AND FIVE-HOLE 
PITOT PROBE INSTRUMENTATION 
2.1 An Idealized Flowfield 
The test facility used to obtain a uniform flow of relatively low 
turbulence level is a wind tunnel designed and built at Oklahoma State 
University. The test section of the swirling confined-jet facility is 
a simulation of a typical axisymmetric can-type combustion chamber from 
a gas turbine engine as shown in Figure 1. A schematic of the facility 
is given in Figure 2. Since the actual gas turbine combustor is too com-
plicated to be simulated in a laboratory, it is simplified, but the typ-
ical geometric features such as the presence of a sudden or gradual 
expandion block, a contraction nozzle, a swirler and a can-type shape of 
the flowfield domain are kept. 
Ambient air enters the low-speed wind tunnel through an air filter 
consisting of a large box covered with foam rubber. Next a six-blade 
propeller fan, driven by a 5 h.p. varidrive motor which can be varied con-
tinuously from 1600 rpm to 3100 rpm, accelerates the air to the desired 
velocity. 
The intensity of the turbulence caused by the driving fan is partial-
ly reduced by gradually expanding the flow into a stilling chamber con·-
taining numerous fine mesh screens. The turbulence intensity is further 
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reduced by passage through a turbulence management section. This section 
consists of a perforated aluminium plate (2 nun diameter holes) followed 
by a fine mesh screen, a 12.7 cm length of packed straws, and five more 
fine mesh screens. Most of the control of the turbulence occurs in this 
portion. The airflow, which is now relatively uniform and of low turbu-
lence, then enters a contoured nozzle, which was designed to produce a 
minimum adverse pressure gradient on the boundary layer and thus avoid 
local separation and flow unsteadiness. The ratio of the area of the 
maximum cross section of the contour nozzle to that of the nozzle throat 
is approximately 22.5. The diameter of the nozzle throat is about 15 cm. 
There is a hole of 1 cm diameter just upstream of the nozzle throat for 
insertion of a standard pitot-static probe, so that the dynamic pressure 
can be measured upstream of the swirler. With the measured dynamic pres-
sure, the corresponding nozzle throat velocity and Reynolds number are 
obtained from the dynamic pressure conversion characteristic shown in 
Figure 3. 
2.2 Test Section 
The test section is composed of a swirl vane assembly, an expansion 
or contraction blo~k, a contraction nozzle, and a simplified can-type gas 
turbine combustion chamber. Details concerning the swirl vane assembly 
are given in Section 2.4. 
The expansion or contraction block can be used optionally to give 
the simulated geometric characteristics desired for a certain expansion 
condition. The expansion blocks are interchangeable and those currently 
in use have expansion angles of 90 and 45 degrees. The expansion blocks 
have an inside diameter the same as that of the nozzle throat, and an 
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outside diameter approximately twice that of the nozzle throat, to match 
the test section inside diameter. The experimental results of Rhode (5) 
show that varying the expansion angle of the side wall does not affect 
the flowfield much except that the corner recirculation region decreases 
sharply as the expansion angle is decreased. The current study was con-
ducted with side-wall expansion angles of a = 90 and 45 degrees, to in-
vestigate the effects of both sudden and gradual expansions. A contrac·-
tion block is used to simulate the confining wall of a real gas turbine 
combustor at the downstream end. The block was designed with a rounded 
profile that is one-quarter of a circle and a downstream cross-sectional 
area half that of the test section. The rounded upstream face is smooth-
ly finished to reduce the surface shear stress. Details of the contrac--
tion block employed are given in Figure 4. 
The test section used in this study is a straight, long circular 
plexiglass tube having a 30 cm inside diameter. Holes with 2. 54 cm di-· 
ameter are located along the length of the tube at distances which are 
multiples of x/D = 0.5, so that the pitot probe can be inserted into the 
flow and traverses made in the radial direction. It does not have film 
cooling holes or dilution air holes. The test section is carefully 
aligned with a low-powe~ laser beam so that the centerlines of the test 
section and the wind tunnel coincide. 
2.3 Five-Hole Pitot Probe Instrumentation 
A five-hole pitot probe is one of the few instruments capable of 
measuring both the magnitude and the direction of fluid velocity simul-
taneously. The five-hole pitot probe used in this study is a model 
DC-125-12-CD manufactured by United Sensor and Control Corp. The 
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sensing head is hook-shaped to allow for probe shaft rotation without 
altering the probe tip location. Little information is available con-
cerning the effects of turbulence on a pressure probe in a swirling flow. 
However, it is asserted that the five-hole pitot probe is accurate with-
in approximately 5 percent for most of the measurements (5). This value 
may increase to 10 percent as the velocity magnitude falls below approxi-
mately 2.0 m/s because of the insensitivity of the probe to low dynamic 
pressure and the dependence of probe calibration on the probe Reynolds 
number. 
There are three standard methods of operating the five-hole pitot 
probe: 
1. To adjust the orientation of the probe in both pitch and yaw so 
that the probe is aligned with the local flow direction. 
2. To determine the flow direction from the calibration relation-
ship between probe pressures and flow direction while maintaining a fixed 
probe orientation. 
3. To align the probe yaw angle with the flow yaw angle while de-
ducing the pitch angle and total velocity coefficient calibration 
characteristics. 
The third method wss employed in this study because it used readily 
available orientation equipment and relatively simple data reduction 
procedures. 
The instrumentation assembly, in addition to the five-hole pitot 
probe, is composed of a manual traverse mechanism, two five-way ball 
valves, a differential pressure transducer, a power supply, and an inte-
grating digital voltmeter. The differential pressure transducer is model 
590D from Datametrics, Inc. It has a differential pressure range of from 
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3 2 0 to 1.3 x 10 N/m . The integrating voltmeter is the TSI model 1076. 
As auxillary equipment, a model 631-B strobotac from General Radio, Inc. 
was used to check the fan speed and a micro-manometer along with a pitot-
static probe was used to measure the dynamic pressure in the nozzle 
throat just upstream of the swirler. Also, a barometer/thermometer unit 
from Cenco Corporation was used for local pressure and temperature read·· 
ings. Measurement apparatus are shown in Figure 5. 
2.4 Swirler 
Swirling jets are used as a means of controlling the length and 
stability of the flame in many combustor designs. The effects of the 
degree of swirl on the flowfields and combustion have been extensively 
investigated (5, 12, 19-21). A swirl number characterizes the degree of 
' swirl. It is usually defined as the ratio of axial flux of tangential 
momentum to the axial flux of axial momentum (including a pressure con-
tribution), nondimensionalized by use of the inlet .nozzle radius. Thus: 
Ge 
S = G d/2 (2.1) 
x 
where: 
Ge the axial flux of tangential momentum flux; and 
G the axial flux of axial momentum, including pressure contri-
x 
but ion. 
Often the pressure term is neglected, and the expression reduces to (20) 
where Z 
s ~ 
2 1 ~3 
( - 6 ) tan ¢ 
3 1 - z2 
(2.2) 
dh/d for the case of an annular vane swirler idealized with 
flat axial and flat swirl velocity profiles at the inlet. This is the 
case in the present study. 
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The swirler used currently was constructed at Oklahoma State Univer-
sity according to preliminary design plans from NASA. The schematic of 
the swirler is shown in Figure 6. It has ten adjustable vanes and a hub 
with a streamlined nose and a flat downstream face. The nose has a 
hyperbolic shape with a very smooth surface to reduce the pressure drop. 
The flat face and location of the hub is a simulation of an actual fuel 
injector. The flat blades are wedge-shaped to give a constant pitch-to-
chord ratio of approximately one which should give good turning effici-
ency (21). 
Mathur and Maccallum (12) thought that an overlap between the adja-
cent vanes is a determinant parameter to give a complete deflection of 
air. They found that a positive overlap is essential for effective 
directing of the air and a 30 degrees overlap is adequate for complete 
deflection. An approximately variable 20 degrees overlap is provided by 
the swirler used in this study. The positive axial velocity which was 
observed near to the hub might be the .result of an insufficient overlap. 
An extensive study concerning the swirler performance is being conducted 
by Sander (24). 
CHAPTER III 
MEASUREMENT AND REDUCTION OF DATA 
A schematic of the five-hole pitot probe is shown in Figure/. To 
obtain all the components of the velocities in the axial, radial and 
azimuthal directions at a given location in the model combustor, one must 
know the yaw angle S, the pitch angle o, and the magnitude of the total 
velocity V at that point. The yaw angle S can be measured directly from 
the reading of the rotary vernier. The pitch angle o and the total velo-
city V can be found from the corresponding calibration in a free jet. 
With the above information, Rhode (5) wrote a data reduction comput-
er program. This program reduces the raw pressure data from direct 
measurement into u, v, and w velocity component data. 
3.1 Measurement Procedures 
When using the five-hole pitot probe, one aligns the probe tip with 
the direction of the ai~ flow in the horizontal plane and then reads the 
yaw angle Sand the two differential pressures (PN - P5) and (PC - PW). 
These pressures are used to obtain the pitch angle o in the vertical 
plane and the magnitude of total velocity vector from the calibration 
characteristics. 
The first step in preparing to take measurements with the five-hole 
pitot probe is to measure the dynamic pressure of flow with a pitot-
static probe at the nozzle throat just befo?Q the 8~irler. Then the 
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pressure transducer must be nulled for zero differential pressure. This 
is done by turning an adjustment screw on the transducer until the volt-
meter reading for zero differential pressure (both ports open to atmo-
sphere) is zero. 
The next step in preparing for measurements is to adjust the posi--
tion of the test section until the wind tunnel and test section axes 
coincide, and also to adjust the traverse mount until the probe zero 
point lies on the test section axis. Then the varidrive motor is set at 
the proper rpm to give the desired air velocity at the nozzle throat. 
The fan speed is checked regularly with a strobotac to keep the air ve-
locity constant. 
Before the production measurements are taken, the five-hole pitot 
probe rotary vernier must be set for zero yaw angle so that the x and 
e axes of the measurement coordinate frame coincide with those of the 
test section. This is achieved by adjusting the yaw angle to be zero at 
the center of the test section inlet for nonswirling flow. Each radial 
traverse measurement begins at the centerline, which is identified with 
a low-power laser beam. The pressure and yaw angle data are read at 0.3 
inch increments up to 5.7 inches from the centerline. In this study, 10 
seconds time-mean data ~eadings are used. To measure 10 seconds time-
mean values, 30 to 40 seconds settling time is needed to allow transients 
to subside in the measuring apparatus. 
The first measurement for each location is the yaw angle for a zero 
reading of (PW - PE). This means that the probe tip is aligned with the 
flow direction in a horizontal plane. Then the five-way switching valves 
are set so that (PN - P8) is sensed by the pressure transducer. Finally, 
the reading of (PC - PW) is similarly measured. 
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3.2 Calibrations 
Two kinds of calibration are employed to reduce the raw data from 
the direct measurements. One is the calibration of the voltmeter, which 
determines a relationship between the voltmeter output and the magnitude 
of velocity. The other is the calibration of the five-hole pitot probe, 
which consists of two calibration characteristics: pitch angle o versus 
differential pressure ratio (PN - P8 )/(PC - PW), and velocity coefficient 
(3.1) 
versus pitch angle o. 
Proper calibration is extremely critical to the accuracy of the ex-
perimental work. The calibration of the five-hole pitot probe is based 
on the investigation, which concluded that the calibration coefficients 
are independent of Re, which is based on probe tip diameter (5). The p 
investigation determined that this conclusion is true for Re > 1090, or p -
a local velocity of 5.4 m/s. Low velocity might cause some calibration 
error. However, the investigation also shows that this calibration error 
affects the velocity measurements typically by less than 6 percent for 
Re > 400, corresponding to a local velocity greater than 2.0 m/s. In p -
this study, all calibrations are conducted at air velocity of 4.6 m/s. 
A schematic of the calibration facilities is given in Figure 8. The 
jet employed for calibrations is a free jet with a contoured nozzle which 
has a 3.5 cm diameter throat. Compressed air is used for the calibrating 
jet and its mass flow rate is controlled by a small pressure regulartor 
and a Fisher and Porter model 10Al735A rotameter. The five-hole pitot 
probe is rotated by the rotary table model BH-9 from Troyke Manufactur-
ing Co., whose rotary vernier is readable to± 0.5 minutes of arc. 
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The calibration procedure of the voltmeter consists of reading the 
micro-manometer with a pitot static probe for a known air flow rate. 
The volume flow rate is incremented by 0.5 n 3/min [l ft 3/min = 0.000472 
m3 Is] over the range 0 . s.:: Q'.: 9 . 0 . As shown in Figure 9, there exists a 
linear relationship between the velocity magnitude and the pressure read-
ing. 
The first step to calibrate the five-hole pitot probe is to set the 
probe tip in the horizontal plane $0 that the yaw is aerodynamically 
nulled. This condition can be maintained by frequently checking the zero 
reading for (PW - PE) during the whole calibration proceeding. The next 
step consists of reading the voltage output from the pressure transducer 
for differential pressures (PN - P8) and (PC - PW). These data are meas-
ured at 5 degrees increments in o over the range -55 < o < 55. 
Figure 10 shows the calibration characteristics from which the pitch 
angle o and the velocity coefficient C are obtained, respectively. The 
calibration is conducted two times to be sure that the measurements are 
exact and that they remain the same. Even if the measurements are taken 
by different observers and at different times, the consistency is splen-
did. Most of the discrepancies lie within 2-3 percent, and the maximum 
is within 10 percent. 
3.3 Data Reduction 
It is difficult to define in a word what turbulence is. According 
to Hinze's (22) defninition, "Turbulent fluid motion is an irregular con-
dition of flow in which the various quantities show a random variation 
with time and space coordinates, so that statistically distinct values 
can be disconcerned." The vector velocity of turbulent flow consists of 
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a time-mean velocity and a fluctuating velocity component. As mentioned 
in the previous section, the differential pressure readings from the five-
hole pitot probe are utilized directly to obtain the square of the vector 
velocity in the velocity coefficient. With the information from the five-
hole pitot probe measurements alone, it is impossible to express the 
square of the vector velocity v2 as the sum of the square of the magni-
-2 2 
tude of the time-mean velocity V and the time-mean fluctuation term V' , 
as given by 
V2 = V2 + V'2 (3. 2) 
2 Obtaining the fluctuation term V' depends on other methods of meas-
urement. But the available data for the term v12 is not thought to be 
reliable. Furthermore, an established theory for the effect of turbul-
ence in swirl flows on pressure probes is unavailable. So eren though 
some discrepancy is to be expected, the reduced velocity is taken to be 
the time-mean velocity magnitude V which is written without the .overbar 
onward. In this study, all properties of the acting fluid are assumed 
to be those of ambient air. 
With the measurement data of the differential pressure ratio (PN -
P5)/(PC - PW), the corr2sponding pitch angle o is obtained with a cubic 
sp;l..ine interpolation technique from the calibration characteristics shown 
in Figure lO(a). The velocity coefficient C is determined from this 
value by using the corresponding calibration characteristic in Figure 
lO(b). The magnitude of the velocity vector is calculated by 
v p ) . c] 1/ 2 w (3.3) 
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The velocity components are easily calculated by elementary geometry 
using the measured yaw angle S, the derived pitch angle 6, and the total 
velocity V. 
All data used in this investigation were reduced with the FORTRAN 
data reduction computer program written by Rhode (5). Full details of 
the data reduction procedure are given in Appendix C, including a program 
listing, sample input and output, and a user's guide. 
CHAPTER IV 
RESULTS 
Nonswirling and swirling nonreacting flows are investigated in an 
axisymmetric test section with expansion ratio D/d = 2, which may be 
equipped with a contraction nozzle of area ratio 2 and 4. Velocity meas-
urements are made with the five-hole pitot probe as described in Chapter 
III. An analysis is made of the effects of various geometric parameters 
on the extent of the recirculation zones in the flowfield. These param-
eters include side-wall expansion angle a = 90 and 45 degrees, swirl vane 
angle ~ = 0, 38, 45, 60, and 70 degrees, and contraction nozzle location 
L/D = 1 and 2 (if present). The nozzle inlet velocities and Reynolds 
numbers employed in this study are high enough to ensure that the flow-
fields are investigated under conditions independent of Reynolds number 
variation. All nozzle inlet velocities and Reynolds numbers employed 
are listed in Table I. Flow characteristics are tabulated in terms of 
normalized u, v, and w velocity components, yaw angle B and pitch angle 
8 in Tables II through XII. Axial and swirl velocity profiles for all 
flows studied are shown in Figures 12 through 16 and 18 through 20. 
4.1 Effects of Swirl on Sudden Expansion 
Flows 
Swirling flows result from the application of a spiraling motion, 
with a swirl velocity component being imparted to the flow via the use 
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of swirl vanes. A swirl number S characterizes the degree of swirl. The 
swirl vane angles employed in this study are 0 (swirler removed), 38, 45, 
60, and 70 degrees. These correspond to swirl numbers s' of 0, 0.52, 0.67, 
1.15, and 1.83, under the definition of swirl number introduced in Section 
2.4. Figure 12 parts a through e show the axial and swirl velocity pro-
files for ~ = 0, 38, 45, 60, and 70 degrees, respectively, with side-wall 
expansion angle a = 90 degrees. 
The nonswirling flow investiaged is obtained with the swirler re-
moved. Figure 12(a) shows an uniform axial velocity entering the test 
section. The corner recirculation zone extends to just beyond x/D = 2.0. 
The measurements for a corresponding flow taken with a stagnation tube 
and pitot tube by Chaturvedi (11). He found the reattachement point to 
be at x/D = 2.3 which is in good agreement with the present study. Moon 
and Rudinger (10) measured the reattahcment point with both theoretical 
and experimental methods in a similar circular test section with an expan-
sion ratio D/d = 1.43, which is different from the present study [with 
D/d = 2]. The result yielded a value of x/D = 1.25 as a reattachment 
point, which corresponds to an attachment point approximately eight step-
heights downstream. This is in good agreement with the present study. 
The velocity profiles for swirling flows shown in Figure 12 parts 
b through e reveal that the flow entering through the swirl vanes is not 
uniform and has steep velocity gradients in the radial direction especial-
ly at high swirl numbers. Furthermore, a considerable back flow around 
the hub is observed for¢= 70 degrees, as shown in Figure 12(e), For 
all values of swirl vane angle used in this study, the corner recircula-
tion zone is not seen at x/D = 0.5 the closest axial location to the 
expansion block; instead, the maximum axial velocity is observed close 
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to the top wall at x/D = 0.5. The effects result from the strong centrif-
ugal forces present in the incoming swirling flow. 
The central recirculation zone and precessing vortex core are now 
discussed. The precessing vortex core is defined as the region of high 
swirl, low axial velocity flow along the axis, which has a relatively 
constant small diameter. In flow visualization studied, it is seen to 
precess along the axis of the test section. The central recirculation 
zone is defined as the wide reverse flow region encountered near the in-
let. Artistic impressions are given later in Figure 21 in which lines 
have been drawn connecting the radial positions of zero axial velocity. 
In case of the vortex core, that region is drawn along the zero axial 
velocity boundary in the downstream direction after the central recir-
culation region. The size of the central recirculation zone increases 
with the increasing swirl vane angle until a certain value of swirl vane 
angle is reached (around 40 degrees). Then its length begins to decrease 
under stronger swirl conditions. The results are tabulated in Table XIII. 
The core vortex was present at all values of swirl vane angle used in 
this investigation. In contrast to the central recirculation zone, the 
vortex core gets larger and larger continuously as the swirl vane angle 
increases. 
The swirl velocity peaks sharply around the edge of the expansion 
block before becoming more uniform farther downstream as shown in Figure 
12 parts b through e. A considerably nonuniform swirl velocity profile 
is observed at x/D = 0.5. Thereafter, relatively steady and uniform 
velocity profiles are seen, except for the region around the axis. The 
radial location where the maximum swirl velocity occurs goes up as the 
swirl vane angle increases. This trend is caused by the increase of 
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centrifugal effects. The swirl velocity along the axis is found to be 
zero as expected because of symmetry. 
4.2 Effects of Gradual Expansion on Flows 
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Gradual expansion flows with a = 45 degrees were measured at two 
axial stations of x/D = 0.5 and 1.0 for swirl vane angles of 0, 38, 45, 
60, and 70 degrees. Only the upstream flowfield needed to be thoroughly 
investigated in these cases, since inlet expansion effects affect this 
region the most, and their influence rapidly diminishes in the downstream 
direction (5, 13). Measurements were not taken at the inlet in this 
geometry because the presence of the expansion block interferes with 
probe positioning. 
The corresponding sequence of axial and swirl velocity -profiles to 
a sudden expansion is given in Figure 13 parts a through e for a = 45 
degrees. Velocity profiles for a gradual expansion follow a similar 
trend to those for a sudden expansion. The major effect of a gradual 
inlet expansion is to encourage the air to flow along the side sloping 
wall, shorten the corner recirculation zone and accelerate axial velo-
cities close to the top wall. Influence on the central recirculation 
zone for the swirl flow cases is minimal. 
4.3 Effects of Contraction Nozzle on Flows 
It is best to interpret the data obtained when the contraction block 
is inserted at different axial stations on the flowfields by comparing 
them to the data obtained without the contraction block. The measure-
ments were taken at axial locations ranging from the inlet plane to the 
axial station just upstream of the station where the contraction block 
was located. The effect of a contraction nozzle was investigated with 
the contraction block at L/D = 1 and 2 for a range of swirl strengths 
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¢ = 0, 45, and 70 degrees with sudden expansion a = 90 degrees only. 
Figures 14, 15, and 16 present these velocity profiles with L/D = 1 and 
2 in parts a and b, respectively. 
Figure 14 shows that the contraction block generally affects the 
flowfield very little under nonswirling conditions. Furthermore, as the 
block is moved farther in the downstream direction, its effect on the 
flowfield decreases. The only effect that can be noticed from the velo-
city profiles is decreased in length of the corner recirculation region 
due to the nozzle effect. 
Figure 15(a) shows the axial and swirl velocity profiles for the 
intermediate swirling flow of ¢ = 45 degrees with a contraction block at 
L/D = 1. Significant positive axial velocities are observed along the 
center line. This situation is in striking contrast to that of the inter-
mediate swirling flow without the contraction block, in which case the 
central recirculation zone spreads extensively along the centerline to 
x/D = 1.5 with vortex core following it in the test section. Slightly 
larger swirl velocities are seen in Figure 15(a) with contraction block 
at L/D 1 than in FiguLe 12(c) without contraction block. Velocity 
Profiels shown in Figure 15(b), for¢ 45 degrees with contraction block 
at L/D = 2, follow a trend similar to the corresponding flow without the 
contraction block at the first two axial stations of x/D = 0 and 0.5. 
But the axial velocities have quite different profiles at two axial 
stations of x/D = 1.0 and 1.5 being affected by the proximity of the con-
traction nozzle. At the axial station of x/D = 1.0, reverse flow is not 
observed at all, and considerable positive axial velocities are measured 
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near the axis. A rather uniform velocity profile is obtained at x/D = 
1.5. The effect of the contraction block on the swirl velocity profiles 
is negligible. The presence of a contraction block, in the intermediate 
swirling flowfield, results in the existence of positive axial velocities 
near the axis. 
For strong swirling flows of ¢ = 70 degrees, the axial and swirl ve-
locity profiles are shown in Figure 16. A contraction block does not 
affect the flowf ield much except at the axial station immediately up-
stream of the block. 
In comparison with corresponding cases without downstream blockages, 
Figure 16(a) shows a wider central recirculation zone when L/D = 1 and 
Figure 16(b) shows a narrower precessing vortex core when L/D = 2. The 
swirl velocity profiles do not change significantly with or without 
presence of downstream blockages. 
In summary, a nozzle has most effect on the intermediate swirl case 
¢ = 45 degrees. Its contraction effect in this case is strong enough to 
overwhelm the swirling recirculation region. 
However, a contraction has little effect on weakly swirling and 
strongly swirling flows, which are dominated by forward flow and centrif-
ugal forces, respectively. 
Since the most drastic change in the velocity profile was observed 
at x/D = 1.0 for intermediate swirling flow of ¢ 45 degrees with a con-
traction block at L/D = 2, the measurements were repeated to ensure con-
fidence in them. The new results, obtained at a slightly higher Reynolds 
number, confirm the previous results. Both sets of results are shown in 
Figure 17, and seem to·be very consistent. 
The effect of a stronger contraction nozzle was investigated for 
a range of swirl lengths ~ = 0, 45 and 70 degrees with side-wall 
expansion angle a = 90 degrees. The contraction nozzle, of area ratio 
4 with 45 degree sloping upstream face, is located at L/D = 1 and 2. 
Figures 18, 19, and 20 show these velocity profiles with L/D = 1 and 
2 in parts a and b, respectively. 
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Figure 18 shows that the flowfield with a strong contraction nozzle 
changes very little as compared to the corresponding flowfield with a 
weak contraction nozzle shown in Figure 14. 
Figure 19 shows the axial and swirl velocity profiles for a swirl 
vane angle ~ = 45 degrees. The presence of a strong contraction nozzle 
generates the high positive axial velocity near the axis. However, it 
deccelerates the axial velocity close to the top wall. The central re-
circulation zone is smaller and located in an annular region, which 
excludes the axis. The swirl velocity profiles show narrower and 
stronger core swirl velocity gradients than previously. 
For swirl vane angle ~ = 70 degrees, the axial and swirl velocity 
profiles are given in Figure 20. It shows that the axial velocity near 
the axis is highly positive and the central recirculation region extends 
only to less than x/D = 1.0, much less than its corresponding case with 
the weak contraction block. At the axial station x/D = 1.0, forward 
flow occurs across the whole test section. This situation is in sharp 
contrast to that of a weak contraction nozzle, in which case the con-
traction block affects the flowfiled very little under strong swirling 
conditions. Swirl velocity profiles given in Figure 20 show the 
narrower strong core swirl velocity gradient, as also observed in the 
swirl vane angle ~ = 45 degree case. 
The above observances are summerized as follows. The effect of 
a weak contraction nozzle of area ratio 2 is confined to intermediate 
swirling flow case, while a strong contraction nozzle of area ratio 4 
affects both intermediate and strong swirling flow cases. Artistic 
impressions for a weak contraction nozzle and a strong contraction 
nozzle with emphasis on the recirculation zones are given in Figures 
20 and 23, for a range of swirl strengths with blockage located at 






This study is five-hole pitot probe time-mean velocity measurements 
in confined swirling flows under low speed and nonreacting conditions. 
Three velocity components normalized with the inlet axial velocity are 
tabulated along with yaw and pitch angles. This provides an extensive 
data base for later verification of a theoretical simulation of the com-
plex turbulent flowfield. 
The extent of the recirculation zone for sudden expansion flows with 
a = 90 degrees is characterized for swirl vane angles ~ = 0, 38, 45, 60, 
and 70 degrees. For a nonswirling flow, the corner recirculation zone 
extends to just beyond 2 with no central recirculation zone. The pres-
ence of a swirler shortens the corner recirculation zone and generates a 
central recirculation zone followed by a precessing vortex core. The 
largest central recirculation zone was shown to be in the intermediate 
swirling flow case of ¢ = 38 degrees: the strongest precessing core vor-
tex was found to be in the strongest swirling flow considered with ¢ = 
70 degrees. 
Effects of a gradual inlet expansion of a 45 degrees are investi-
gated for the same swirl vane angles as employed for a sudden inlet ex-
pansion. Velocity profiels for a gradual expansion follow a similar 
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trend to those for a sudden expansion. The only major effect of a grad-
ual inlet expansion is to encourage the flow to remain close to the slop-
ing side wall and shorten the extent of the corner recirculation zone in 
all cases investigated. 
Effects of the presence of a contraction nozzle at L/D = 1 and 2 are 
investigated for ~ = 0, 45, and 70 degrees. A contraction nozzle has 
little effect on weakly swirling and strongly swirling flows, which are 
dominated by forward flow and centrifugal forces, respectively. For the 
intermediate swirl case of ~ = 45 degrees, it encourages forward movement 
of otherwise slow-moving air and thereby shortens the central recircula-
tion zone. A strong contraction nozzle of area ratio 4 has a more dramatic 
effect on the flowfields. 
5.2 Recommendations for Further Work 
The five-hole pitot probe technique is a useful cost-effective tool 
to investigate turbulent swirling recirculating confined flow. It en-· 
ables time-mean axial, radial and swirl velocities to be deduced at any 
location in the flowfield. It is strongly recommended for use to obtain 
further flowfield measurements in the test facility at Oklahoma State 
University. It has, hoµever, some inherent problems: 
1. Weak sensitivity to small velocities, which might permit large 
relative errors. 
2. Turbulence effects on the measurement of time-mean data cannot 
be easily accounted for. 
3. The measurement of normal and shear turbulent stresses is not 
possible. 
It is recommended that further work be done on the repeatability, 
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reliability, and accuracy of this technique. Results may be compared 
with hot-wire and laser doppler anemometers measurements in correspond-
ing flow situations. 
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NOZZLE INLET VELOCITIES AND REYNOLDS NUMBERS 
Cl.= 90° Cl. = 45° Cl. = 90°, L/D = 1, 2 
u. (m/s) Red u. (m/s) Red u. (m/ s) Red lll in in 
oo 15.7 150,000 15.5 154,000 22.3 220,000 
38° 10.5 100,000 10.6 105,000 
45° 12.6 120,000 14.9 148,000 13.5 134,000 
60° 8.84 84,000 9.58 95,000 
70° 5.57 53,000 6.25 62,000 6.8 67,500 
TABLE II 
VELOCITY DATA FOR NONSWIRLING FLOW ¢ = 0° 
1 :: l 2 3 4 5 6 
x ..; o.o 0. 1 49 .3 ~ C.2~£4E C.447cC C.S<;6SC 0.74625 
J y 
20 0014478 c.o 1.8tJE+C2 l .dOE+02 o.o o.o 3 .t.i/E+02 
l"' 0.13716 o.o le80E+02 1. d0E+02 o.o o.o 3.57E+02 
.L ti 0.12954 o.o 1 .80E+02 1 e80E+02 3o58E+02 0 .o 3e57E+02 
17 0.1~.1)2 o.o le 80E+02 1 • d0E+02 3.58E+02 3o60E+02 :;.saE+o2 
lo 0.11430 o.o 1 .80Et02 1 .aoE+o2 3.58E+02 ::.tOE+02 :!. 58E·+02 
1 !.:> u.10008 o.o t.80E+C2 3 .60E·t02 3.58E+02 3.60E-t02 ":3.58E+02 
J.4 u.u9906 o.o t.80E+02 3.60E+02 3.58E+02 ::.60E-t02 3.5dE+02 
Li 0.09144 o.o 3.60Ei02 3 .60E+02 3.58E+02 ::: .60E+02 :.:! • sae: + 02 
J.2 Oo08Jti2 c. 0 3e60E+02 3.60E+02 3a59F+02 3.60E+02 3 • 5dE+02 
l 1 o.o7b20 o.o 3 .t:OE+C2 3 • 60E+02 3.59E+02 :'.otOE+IJ2 3o53E+02 
.L 0 o. 066!.:>d 3.60E+02 3.60E ... 02 3.60E ... 02 3.60Et-02 :;.60E+02 3.58E*02 
9 o.uuO'::ic .3.tOE+C.: 3.60E+02 3.60E+02 3.60E+02 3.60E+'J2 3a5dE+02 
0 o.o53J4 3oGOE-t02 3e6DE-t02 3.60E+02 3.60E+02 :;.60E ... 02 2 • 59E+02 
7 o. 04572 3.60E ... 02 3.60E+02 3.60E+02 3 .60 E+02 :3.60E-tJ2 .3.59E+02 
b u.O .. HHO ~.60E-t02 3 .tOE+ 02 3. 60E+ 02 :3. 60E* 02 :.:.tOE-t02 3 .59E +02 
5 u. v3 04 e 3 .t,QE+02 3 e60E-t02 3 .60E+02 3.60E+02 ::.60E+02 :: • 59E + 02 
4 u. u2 2d 6 3e60E+02 3.60E+02 3.60E+02 3a60E+02 3e60E-t02 J.60E+02 
~ o.Jl 52<+ 3 .<:;OE +0 2 3 • t:OE + 02 3.60E+02 3. t.OE+C2 3o60E+02 3.60E+02 
2 0.1)07t.2 3.60E+02 3a60E+02 3.60E-t02 3.60E+02 ::.tOF.:+02 3 • 60E+02 
1 o.o 3.60E+02 3.60E+02 3e6CE+02 J.60E+02 3.60E+02 3.61lE+02 
( ,'.l) 'f;p~ An::,lc 
w 
°' 
TABLE II (Continued) 
I 
l = 1 2 3 4 5 
x ..:: o.o 0. 149 3 !: C.29E4!: <.447EC C.5S6£C 
J v 
20 0.144/S c.o -~.OOE+Ol-2.52E+Ol o.o o.o 
l \} vel.3716 o.o -4.79E+Ol-3.71Et01 o.o c.o 
ld o. 12 Sl!.:14 o.o o.o -3.65E+Ol o.o o.o 
J.l o. 121:>12 o.o -S.79E+Ol-2.72E+Ol 5e50E+Ol 4e08E+Ol 
16 Oe J.14.jU o.o -4 .92Ei01-3 .ooE+Ol 4e42E+Ol 2e59E-t01 
15 0.10068 c.o 4.39Et01 4 .25E+O 1 3e24E+Ol 2e13Et'.Jl 
14 v. 09c;;u6 o.o o.o 2.09E+Ol 2.49Ei-Ol l.3!:EtDl 
13 u.0911*4 0 .o 2 .24 E tO 1 1 .45E+O 1 l .BOE+Ol l.lOEtOl 
12 O.OU3u2 c.o fe83Et-OO 8.C'lE+OO l.22E+Ol te79Ei00 
11 o.ul'o20 o.o 5.09E+OO 6. 0 !:E+OO <;. 87E+OO <:.37Et>JO 
10 o.o5b::>d 4e96E+OO 3.18E+OO 4.29E+OO 7 • 74 E+OO 7.40Ei00 
9 o. 1..16096 .J • l 5E + 0 C le 33E+CC 3 • C ·1E +O C 6.20E+OO 5.5t.>Et00 
8 o.us:.>34 l.57E•OO 3 • f9E-Ol 1.·1se ... oo 4e89E+OO 4.43E ... OO 
7 v. 04 !:> 7 2 8.47E-Ol-l.49E-Ol 7.98E·-Ol 3.91E+OO :;.53Et00 
b 0.03810 5.osc-01-s.c:::>E-01 l e39E-O l 3.0CE+OO 2.32E+OC 
5 0. 0304 8 3o84E~Ol-6.36E-Ol-2.50E-Ol 2.52E+OO t.93Et00 
4 Oe022dc 3.50E-Ol-9.~4E-Ol-5e98E-Ol 2.17E+OO I .09E-+OO 
3 u. 0 15Z4 4o76E-Ol-9.06E-OI-8.47E-Ol l.63E+OO 7.31E-Ol 
2 o. 00702 5e64E-Ol-l e07E+00-7.13E-Ol t.36E+OO e.74E-'>2 
1 o.J B.79E-Cl-1.C6E+00-9.35E-01 1.47E+00-3.58E-Ol 






2 • 4 7E +01 
2. 041::'.+0l 


















Table II (Continued) 
l = l 2 _J 4 5 6 
x :;: 0 .o 0.5C042 1.ooooc J.~00~2 2.ccccc 2 .b 0042 
J y 
20 o.~et.i 1 c.o -7.45E-C2-le30E-Ol o.o c.o 2.9lt::-02 
.l ':i o.<+59~7 c.o -9.guE-02-1.59E-Ol o.o a.o 4.63E-02 
ld 0.434U4 o.o -7.74E-02-1.23E-O l 2a93E-02 c.o t; o4SIE-02 
17 o .... oao1 o.o -6.64E-02-l.17E-Ol 5. 5 7 E-02 8 .57 E-02 l .33E-01 
lo O..J82~8 o.o -5.82E-02-8.33E-02 1 .05E-Ol 1.19E-,)1 1.41E-Ol 
15 0 • ..15745 o.o -6 • <.F•E-02 9e60E-02 1.60E-Ol l.92E-Ol t.92E-01 
14 \). 3.J bi l o.o o.o 2.09E-Ol 2.37E-Ol .::.tOE-01 2.39E-Ol 
l .J O.JOoJ8 o.o 1a20E-O1 3al6E-Ol 3.t8E-Ol 3.7tE-01 2. t4E- O l 
12 0.2t3Ctl5 c. 0 3•38E-O1 4eb9E-Ol 4.llE-01 '••39E-Ol 2 .9dE-O l 
11 u. 2obJ2 o.o 6 • l 9E- C 1 6 • .29E-O l ~.OOE-01 4a42E-Ol 3. 64E-Ol 
J. 0 0.22';;;79 laOlE+OO 8 • 70E-01 7e85E-Ol 6w05E-O1 !:.llE-01 3•93E-01 
'j o.~044'.5 1.0lF.+OC I• C2E+ CC 8.74E-01 6.97E-Ol 5e88E-Ol 4. 62E-O 1 
ti u.11812 Y.96E-Ol 1 .04E-t00 9.66E-Ol 7.70E-Ol t.39E-Ol !: • 08E-O 1 
( u. 15.Jl g S.<;4E-01 1 • 04E+OO l.OlE+OO 8.49E-01 7.29E-Ol 5. 64 E-0 l 
b 0. l:i:'.h.>6 S.96E-Ol l • 04E -t CC 1 • u 3E +O 0 9.04E-Ol 7.74E-Ol 6. C4E-Ol 
:) 0.10213 9o95E-Ol l .04 E+OO 1 o04E+OO 9.25E-Ol fol4E-Ol t.4SE-Ol 
4 u. Ol6u 0 Se94E··Ol lwC4E+OO l.04E+OO Sa47E-Ol e.53E-Ol c.92E-Ol 
3 u.001ou 9o96E-Ol lo04E+OO t.Ol!F.-t-OC Se53E-01 fo80E-Ol 7.12E-01 
2 0.02553 9.Ci5E-Ol 1 .04E+OO 1 .04E+OO 9o58E-Ol E.88E-Ol 7.2dE.-Ol 





TABLE II (Continued) 
I = 1 2 3 4 
,,_• 
-> 6 
x .;;: ..> • a C.5004~ 1.coocc 1.eoot.2 2.ccocc 2 .50\)42 
J v 
20 o. 4851 1 c. 0 -4.30£-02-6 ol lE-02 o.o c.o lo51E-03 
1 'i u.4o9:57 o.o -1.09E-Ol-le20E-Ol o. 0 c.o 3.25E-02 
18 0.43404 o.o o.o -9.lOE-02 o.o o.o 4. 38E-02 
.H O.'.tOl:bl o.o -l.C6E-Cl-5.98E-02 7.95E-02 7e33E-02 4.94E-02 
16 0.3b~':l8 {). 0 -6.73E-02-4odlE-02 1 • 02 E- 0 l 8.ctE-02 ~.95E-02 
is 0.351 ... s c.o -6.69E-02 u .aoE-o 2 l.OlE-01 lo49E-02 7.49E-02 
14 u.331':11 o.o o.o Bo 01E-C2 lolOE-01 7e42E-02 6 • 75E-02 
13 o.Joo..:.u 0 .o 4.97E-02 8.l6E-02 lo03E-01 7o24E-02 7.031::.-02 
12 o.c6Co5 o.o 5. 2~iE- C2 6o17E-02 8.90E-02 c.79E-02 7.6,.E-02 
1l Oo<::55J2 o.o 5.51E-02 6.6fE-02 E.71E-02 I• 30E-1J2 7. 05E-02 
'0 Oo2t!.979 H.TlE-02 4 .84E-02 5 o89E-O 2 8o23E-02 e.64E-02 7.4i:::-02 
'J o.~04.,;5 !5. 55E-· 0;;: ~.37E-C2 4.6SE-02 7.57E-02 5.72E-02 t:.59E-02 
d o.11er2 2. 7 3E-O 2 t.69E-03 2.96E-02 t.59E-02 4.S5E-IJ2 6. 28E-02 
I 0.15319 l.47E-02-2o70E-03 lo41E-02 5.BOE-02 4.50t:-02 t.~6E-02 
b u. 1~7c.,6 t.83E-C3-Sol8E-C3 2.49E-03 4o74E-02 3 • 14 E - 'J2 5o42E-02 
5 OolU2.l3 Go66E-03-l ol6E-02-4 o52E-03 4o07E-02 <:.74E-02 ~. l 9E- 02 
4 Oo u I t:io 0 6 • C 6 L'- C 3 - 1 • 7 OE - 0 2 ·- l • 0 8 E -0 2 3o58E-02 let)]E-02 4 .69E-02 
3 o.u51U6 c.28E-0~-1.f5E-C2-lo54E-C2 2.70E-02 1.12E-J2 3 .62E-02 
2 o.u2553 9.BOE-03-1 .95E-02-t.29E-02 2o28E-02 l.04E-03 J.05E-02 











10 ..>.43 .... 04 
17 <.:. 4v b;:; 1 
1u u. 3d2'Jd 
15 u.351~~5 
14 u • .J.::Sl'Jl 
13 u. JI.) t>.3 u 
12 uo 2U vu 5 




















2.60E-C7 4e53E-07 o.o 
5 6 
2.00000 2.b0042 
o.o - 1 • ::JE-03 
3.45E-C7 5.56E-07 o.o O.O -2.43E-03 




CoO O.O -1.26E-06-8.29E-03-lo87E-J6-Sol7E-03 
O.O -7.25E-C7-l.91E-Of-l.11E-02-2.24E-06-7.37E-03 







~ o.10~13 -b.99E-Ot-6.27E-06-6e25E-06-5.57E-06-4.~0E-Oh-9.0lE-03 
4 0.07b~O -5o99E-0~-6.28E-06-6e26E-Ot-5.70E-06-5ol4E-06-fo04E-03 
3 u.OblJb -t.OOE-Ct-6e2~E-06-6.26E-06-5.74E-06-~.30E-06-4.98E-03 
2 u.~2b~3 -6.00E-Of-6.2BE-06-6.26E-06-5.77E-06-t.35E-0t-t.09E-03 
1 Jou -~.9gE-C6-6.29E-06-6.26E-06-5.79E-06-t.40E-C6-5.lbE-03 








1 u o. 12 9!) 4 
1 7 0 .121 ~2 
1 b o. 11430 
lb 0.10000 
l 4 u. 099J6 
13 0.091<+4 
12 o.os382 
11 O. U7b20 
io u.uoa~a 
9 O.Jt>O':J6 
8 o. OS 33 4 
7 0.045/2 
6 0.03810 
5 o.o.Jo .... u 
~ o.u22u6 
3 o. ul 524 
2 0.00102 
1 0. J 
TABLE III 
VELOCITY DATA FOR SWIRL VANE ANGLE ¢ = 38° (SIDE-WALL 













2. 6 4t-:+ 0 1 
3.0lF.+01 




3 4 5 6 
c.29e4s c.45237 o.6032~ o.75413 
l e90E+Ol 2e93E+01 6.23E+01 ~.78E+Ol ~.25E-t-01 
I.9~E+Ol 3.50E+Ol 5.BOE-t-01 6e20E+Ol 6.02Et0l 
1.94E+Ol 4e02E-t-01 ~.SOE+Ol t.20E+Ol 6.08E+Ol 
le96E+OI 4.94E+Ol 5o80E+Ol fel4E+Ol 6.12.:+0l 
2.12E+Ol 5.72E+01 5o80E+Ol 6.l4E+Ol 6ell>E+Ol 
2.60E+Ol 6.54E+OJ 5.90E+Ol col4E+01 6.22E+Ol 
3o92E+Ol 7.36E+01 6.20E+Ol 6.14E+Ol 6o30E+Ol 
7.92E+Ol "7.'98E+Ol 6.lOE+Ol 6e20E+Ol 6.44-E+Ol 
1·16E+02 8.54-E+Dl 6.30E+Ot 6.32E+Ol 6o62E+Ol 
le23E+02 8e98E+01 6.50E+01 6.50E-t01 6.80E-t-Ol 
t.34E+02 9.18E+Ol 6.70E+01 6e70E+01 7.04E+01 
t .36E .. O? 9.46E+Ol 6.90E+Ol 7e04E-t01 7o32E+Ol 
le3f3£+02 9.SAE+Ol 7.20E+Ol 7.36E .. 01 7.58E+Ol 
2.43E+Ol le41>E+o2 9.12E+Ol 7.50E+01 7.C:4E+a1 7.90E+Ol 






l.46~+C2 t.02E+02 a.30E+Ol 8.34E+Dl a.54E+Ol 
l o50E-t02 l o05E+02 8.90E+Ol 8o58E+Ot €.92E+Ol 
t .59E+02 I .12E+02 9.lOE+Ol e.90E+Ol <;.20E-t01 
let58E+02 le20E+02 ti.60E+Ol c.SOE+Ol S.36E+Ol 
l .7AE+02 1 .45E+02 l.06E+02 7o54E+Ol e.30E+Ol 




1 - 1 
x = o.o 
J y 
20 o. l ~ 418 o.o 
l ') Uol..illb (). 0 
1 ti 01129:.')4 o.o 
1 7 o. 121 92 c.o 
16 0.114.JO 0. () 
15 0.106ots () .o 
14 c. 09<;0 6 o.o 
13 0.09144 o.o 
12 o.::>83b2 u.o 
11 O.Ol'b20 o.o 
.lU 0 o 0 t.t:L:> 8 lol4E+Ol 
9 o. Oo 096 1.t8F+Ol 
fl 0.05.J..>4 9.70E+OO 
7 o.o~572 loOOE-tOl 
6 o. 03tH 0 o. 0 
t> o.oJo~a o.o 
4 o.o22b6 o.o 
.j u.vlti<:'.4 o.o 
2 0.00102 o.o 
1 o.J o.o 
(b) Pitch An~lc 





4 5 6 
c.45237 o.60325 o.75413 
2 • 3 2 E + 0 1 7 • 2 3 E -0 l 1 • 2 2 E + 0 1 1 • 1 0 E + 0 1 2 • l 8E + 0 0 
2.04E+Ot-7.21E+OO-l.20E+OO 2.76E+OO 4.30E-01 
2 ,Q6E+Ol-l .14E+Ol-3.99E+OO-l.81E+OO-l.61E+OO 
t.9tE+Ot-1.70E+Ol-4.73E+OO-i.47E+00-2.51E+OO 
1.7!E+Ol-t.~5E+Ol-6.13E+00-2e81E+00-2.97E+OO 





5 • 7 8 E + 0 0 - l • 4 6E + 0 1-7 • 1 7 E + 0 0 - 7 • 9 0 E + 0 0 - 7 • 68E + 0 0 
4.4tE+OO-l .43E+Ol-7.49E+OO-S.67Ei00 · l.OOE+Ol 
4.76E+Co-t.35E+o1-7.75E+oo-1.16E+Ol-1.l4E+Ol 
3 ,36E·.00-1,:'.3E+O1-8.83E+OO- l.40E+Ol- t.37E+Ol 
2.97E+00-1.44E+Ol-lo05E+Ol-l.69E+Ol-1.64E+Ol 
2.97F+00-1a77E+Ol-t.35E+Ol-2.09E+Ol-2o06E+Ol 
2. 9? E +oo -2. l 5E +o l -1. 79E +O l-2. 68E+O 1- 2. 82E +O 1 
2.97P+00-3.08E+Dl-2.41E+Ol-3.71E-t01-4.50E+Ol 
7.42E-Ol-4.60E+Ol-4.42E+Ol 





TABLE III (Continued) 
··-------·---·---~-----
-"' 2 4 ~» c_, 
x ;.... 0 .o 0.50042 
3 
i.ooooc t.50042 2.00000 ~.5CJ42 
J y 
.<::" o. 4851 l o.o 6 e83E-O l 5.l2E-01 2ol5E-Ol 2.70'E-Ol 2 • fi~E- 01 
19 o. 45 9t> 1 o.o 9 .Of F -0 l 5 e85E-O 1 2.73E-Ol 2.57E·-Ol 2o70E-Ol 
l t3 0.4.3404 o.o 9 • 79E - 0 l 4 • c; 4F:-O 1 2.79E-Ol 2.56E-Ol 2 .65E-Ol 
17 0 •• 0 651 0 .o 9 .32 E-0 l 3.60E-Ol 2.87E-Ol 2.62E-01 2.ti2E-Ol 
.lo o. 38298 o.o 7e71E-Ol 2 • 68E-O l 2o86E-Ol 2 .64 E-0 l 2.5~E-01 
15 0 .357-.5 o.o 5 • 12E -0 l lee 5E-O 1 2. 83E-Ol 2e66E-01 2.57E-Ol 
.l 4 o.33191 I). 0 2.38E-Ol 1.2oe-01 2.59E-Ol 2.67E-Ol 2.51E-Ol 
lJ 0 •. ;H)6J 8 c.o 2. 1.'lE- 02 7.41E-02 2 .69E-Ol 2 e62E-O l 2.3~E-Ol 
12 o.2aoe.s o.o -1.12E-Cl 3.49E-02 2o54E-Ol 2.54E-Ol 2.22E-Ol 
1 1 o. 255.32 o.o -2 e32E-Ol lo59f>•03 2.39E-01 2o35E-Ol 2e07E-Ol 
1.0 0.22919 l • 4 6 E + C C- 2 • 8 4E - 0 1 - 1 • 4 9E - 0 2 2.lBE-01 2.14E-Ol 1•82E-O 1 
9 0.204::!5 l .57E+00-3.13E-Ol-3.85E-02 le98E-Ol l.79E-Ol lo52E-Ol 
8 0.17812 I.64E+00-3.25E-Ol-4e94E-02 l e69E-Ol l .46E-01 1•26E-O 1 
7 o.1:::>319 <; • 2 5E- 0 1- .3 • 1 9E - C 1-5 • 99F -0 2 lo 34E-Ol lol5E-Ol 9 .22E -02 
6 0.12766 l.15E-Ol-3.17E-Ol-7.61E-02 9.BlE-02 7o92E-02 6. 35!:-02 
:) o.1..>213 o.o ·-3. C6E,-Cl ·B.72E-02 5.05 E-02 4o63E-02 3.08E-02 
,. o.olboo o.o -3.04F-Ol-8.83E-02 6. l 2E-03 2.41E-02 4 • 25E-03 
3 o.e>5lo6 c.o -2.9:JE-O1 -8 e98E-02-4 .40 E-03 4el5E-03-f.23E-03 
£ 0.02553 c. 0 -3.0:>E-Ol-6o43E-02-1.85E-02 2.02E-03-6.1JE-03 







~o o. It 80.1 1 
i.Y Q.{j.59:>7 
18 o. 434u4 
17 O. {j. ud~ 1 
!6 o. 3ti2-J8 
15 u • ..)!:>74 5 
14 0.33191 
13 o. 30b3 8 
12 0.2ti085 




7 o. 15 34 9 
b 0. 1 2 766 
5 0.10213 
4 u.07 bbO 
3 Oo051U6 
















3. 28E 0 1 
3.79E-O 1 
3.23r::-01 











4 5 6 
i.~0042 2.00000 2.~1ou1J2 
3.lOE-01 7.4lE-03 9.98E-02 S.83E-02 t.84E-02 













2 .O."iE-0 2-1 o l BE-0 1-8.75 E-0 2- lo 3-3 E-0 1- 1 • 31 E- 01 
l.92E-02-1.30E-Ol-9.95E-02-l•54E-Ol-lo44E-Ol 
1.81E-02-1.31E-Ol-1.l3E-Ol-l.67E-01-1·63E-Ot 
1 • 63 E - O 2 - l • 4 OE -o l - 1 • l 3 E - 0 1 - 1 • 7 9 E- O 1- 1 • 79::: - 0 1 
3.99E-03-l.33E-Ol-le29E-01 O.O O.O 
6.29E-03 O.J O.O le53E-Ol O.O 
+:--
+:--
TABLE III (Continued) 
-------- ~- -- -- ----- ---- -- ---
2 3 4 .. 6 
--
l ~' 
x. .;:; 0. ) n • ~"> or· ·4' ;.· 1. coocc 1. '·• 0 04 2 2.000JO :•.•,l);}l.j.2 
J y 
...:0 u.4S::.d l (). 0 2. 35E -a 1 2.b7E-Ol 4. 1 OE-01 4e29E-Ol 3.83E-Ol 
l () u.4:>':1::>7 o.o 3.19E-Ol 4.09E-01 4.36E-Ol 4e83E-Ol 4. ll~-01 
18 u.43404 c. 0 3e45E-01 4el8E-01 4.46E-Ol 4.B1E--01 4o74E-Ol 
l 7 o. 'fJ a::i 1 o.o 3 • .12E- 0 l 4 • 2. OE-0 l 4. 60E-Ol 4e80E-Ol 4. 77E-O l 
lo o. Jb298 o.o 2 e99E-O l 4 el 6 E-0 1 4.57E-Ol 4e84E-Ol 4.79E-Ol 
l ::> v.Jti7"'5 >j. 0 2.sor::-01 4.05E-Ol· 4e71E-Ol 4.88E-Ol 4•88E-O1 
14 0.331-.d o.o t.94E-Ol 4 .O 9t=:-O 1 4e87E-Ol 4e90E-O1 4. 92E-Ol 
13 o. 306..:J 8 c.o 1 el2E-01 '• • 1 2 E-0 l 4.85E·Ol 4e9.3E-Ol 4.99E-Ol 
!2 o. 28 Oo~) o.o 2. 32E - 01 4e33E-Ol 4.98E-Ol !:.03E-01 5 • 04 E-01 
11 0.255.J2 0 .o 2 .99E-O l 4 e56E-O 1 5el2E-01 !:.03E-Ol 5 • 13E-O l 
10 o.2.!..9/Y 7. 24[ - 0 1 2.g<JE-Ol 4e75E-Ol 5el3E-Ol s .as E -o 1 5.12E-01 
9 u .204.:::5 9.llt:-01 3.02F.-01 4 • 7 9E-O l 5el7E-Ol ~.03E-Ol 5. 04E-Ol 
8 u.17872 9e46E-O l 2.9C!E-Ol 4 e86E-O l 5.19E-Ol 4.96E-Ol 4. 96E-Ol 
1 o.1.::>319 4• 1 BF · 0 l 2.t:Jf.-01 4e74E-Ol 5.00E-01 4. 16 E -0 1 4.74E-Ol 
ll o.127tu - ·1. 6 SE -0 3 ?.46E-Ol 4e50E-Ol 4.6IE-Ol 4o49E-Ol 4 • 4 lE -o l 
5 u. 1021. 3 o.o 2 • 09E-Ol 3.97E-Ol 4ellE-Ol 4 • 0 0 E-0 1 3.83E-01 
4 0.07btJ0 o.o 1. 73E- 0 l 3. 20E-O 1 3.5tE-01 3e29E-Ol 3. 04E-Ol 
J o.Ojlu6 o.o 1 .t3E-01 2el8E-Ol 2o52E-Ol 2.38E-Ol 1. -rt:3E-01 
2 0.025~3 c. 0 6el9E-02 l • l 1 E-·O 1 l.32E-Ol 1 e 15 E -0 1 9. 74 E-02 
l (). J o.o 9 • <;')F-03 3.77E-02 4. 23E-02 1.20E-()l 9. 69E -02 




VELOCITY DATA FOR SWIRL VANE ANGLE ~ = 45° [SIDE-WALL 
EXPANSION ANGLE a. = 90° WITHOUT CONTRACTION BLOCK] 
~·--
= 1 2 3 4 5 6 
..( = o.o 0.1493!: C.2SE4!5 C.44780 0 .596 90 0 .74625 
J '( 
4::0 O.l~47d o.o 2.00EtOl 3e28E+O1 6.20E+Ol 6e30Et0l e. cs:: +o 1 
bl u.1J716 o.o 2. 40E+ 01 3. 86E+O 1 6e313E+Ol 6e20Et0l 5e75E+Ol 
lU Oe l 29!J 4 o.o 2.72Ei01 4 .56E +O 1 6el4E+Ol fe20Et01 e.eaE+o1 
1 7 Oo 121 Y2 o.o 3.16Et01 5.32E+Ol 6.04E+01 f.14E+Ol 5•98E+O1 
lb Ooll4JO o.o 4 • 20E + 01 6. 04E+ 01 6.00E+Ol felOE+Ol 5 • 98Ei-Ol 
15 O.l06bd 0 .o 6o60E+Ol 6 .SOE +O 1 6.00E+Ol 6el0E+Ol t.oa:::+o1 
14 o. 09906 o.o 9e 92E+O1 7e48E+Ol 6.08E+Ol 6o16 E tO 1 6.lBE+Ol 
13 0.09144 o.o l.18E+02 e • 1 2E+O l fe20E+Ol 6o24E+Ol 6o32E+Ol 
12 0. Jb3b2 0 • (), 1 .26E+02 8.64E+Ol 6.32E+Ol c.40E+Ol f. 46E + O 1 
l l o. 0 /6.:. 0 o.o 1. 29E+02 9. 0 OE+Ol 6e54E+01 6e56E+Ol 6.64E+Ol 
10 O.Dt18;:,d 2o58E+Ol l.30E+02 9.36E+Ol 6.70E+Ol fe80E+Ol 6.86E+Ol 
9 o. 06 096 2.72E+01 1.30E+02 9e56E+Ol 6o94E+Ol 7 • 12 E -+O 1 7ol4E+OI 
8 o.u:J3J4 2.ctE•01 t.30E+C2 9. 82E+O 1 7.22E+Ol 7.50E+Ol 7.48E+Ol 
7 l).(H:,12 2 o82Ei0 1 1 e30E -t02 1 .o 0E+02 7.6C>E+Ol 7o84E-t01 7. 74:::..-01 
b o. 03d1 0 2 • 56E+ 01 l • 32 E+02 1 • () 3E ... 0 2 7e96E+Ol 8 .28 E iO 1 8ol2E+Ol 
:, u.O:i0<+8 3.60Et01 1. 33E + C2 I• C6E+ 02 8.44E+01 8e92E+Ol e.50E ... 01 
~ 0.()22b& 1.0lE+02 t.3i3E+02 l.10E+02 9.00E+o1 9el6E+Ol 8. 96E + o l 
3 o.u10~4 t. 5 3E + C 4' l • 4(,_E + 02 l.17E+02 9.70E+Ol 9.66E+Ol 9.52E+Ol 
2 u • ..>07b2. le75E+O<: l • 56E -t C 2 l .31E+02 l.06E+02 lo04E+02 1•02E ... 02 
l o. 0 le97E-t02 1 • 76E +02 l .6 7E+O 2 l.49Et02 l.77E+02 t.30E+02 











































o. 1)220 6 
o. v l !:>..:'. 4 
v.007o2 
o.u 
























1 • 8 9 E + C 0 2 • 1 3 E + 0 0 l • 1 2 E + 01 5 • 7 3 E + 0 0 4 • 9 0 E -t-0 0 
-2.33E+00-3.71E-t00 2.85E+OO 2e84E+OC 2o36E+OO 
-8.42Et00-8.33E+OC 3e66E-Ol-le99E-Ol ~.23E-Ol 
-l.24E+Ol-l.20E+01-2.20E-Ol-8.47E-Ol-le52E-01 
-l .89E-tOl-l o52E+Ol-9.37E-Ol-1.16E+OO-t.15E-01 
-2.75E+Ol-le61E+Ol-1•41E+OO-l.52EtOO-S.1JE-Ol 
-4.15E+CC-le60E+01-l.63E+00-1.81Et00-le35E+OO 
3 • 55 E t 0 O - l .6 5E t 0 l - 2 • 0 8 E + 0 0.- 2 • 8 2 E + 0 0- 2 • 0 5E + 0 0 











-2.86E+Cl-l.17E+Cl a.a o.o 5e04E-t01-4.13E+Ol 
(b) Pitch Angle 
.j::--
-.J 
TABLE IV (Continued) 
-
1 2 3 4 5 6 
x = o.o o.sco42 i.00000 l.50042 2.ooocc 2 .50042 
J ¥ 
20 0.4£1511 0 .o 9.t2E-Ol 6 .92E-O 1 2.60E-Ol 2.44E-01 3e07E-Ol 
l 9 o.45957 o.o 8 .54E-Ol 6 .03E-O l 2e61E-01 2a67E-Ol 3.lOE-01 
.HJ U ... 34U 4 o.o 7. 44E - 0 l 4.7cE-Ol 2.89E-Cl 2.eoE-01 3.0~E-01 
1 7 o.~Jb5l o.o 5 o6'+E-O 1 3 e65E-0 1 3 • 04 E-0 l 2e89E-Ol 3. 02:::-01 
!b o.Ju2::.c: c.o 3. 36E-01 2 • 72E-O 1 J.l6E-Ol 2.94E-Ol 3.03E-Ol 
15 u.J57t•5 o.o l.05E-Cl 1•<.:i4E-O l 3.23E-Ol 2 • <;dE-01 2.9oE-Ol 
l 4 o.JJl~l o.o -4.67E-02 1 .J4E-O 1 3 • 18 E-0 1 2a95E-Ol 2•88E-O1 
13 OoJOb38 o.o -1.IJE-Cl 7.67E-02 J.llE-01 2.eaE-01 2e76E-Ol 
... 2 o.260d5 o.o - 2•!':1E-C1 3.16E-02 J.ooE-01 2.76E-01 2.c4E-Ol 
l l o. 255.J2 o.o -2.97E-Ol 1 .66E-06 2.SOE-01 2a56E-Ol 2 .44E-O l 
iO 0.2.-::979 t.&8E+00-3. l1E-Ol-3e4CE-02 2. 60E-Ol 2.28E-Ol 2.20E-Ol 
~ 0.20425 1 .82E +00-3 .11E-01-5 .32E-O 2 2.31E-Ol l.S2E-Ol 1.9\E-01 
lj c. l l :j 7 2 l.93E+OC-3.C7E-01-7.97E-02 lo96E-Ol t.49E-Ol l.52E-01 
7 v.1t>.:H9 l.34E+00-2.91E-Ol-9.70E-02 l.46E-01 l.lOE-01 l e21E-Ol 
ti Uol2lo6 4.0~E-Ol-2.67E-Ol-l.15E-Ol 9.98E-02 c e46E-02 7.99E-02 
0 0.1021J 1.70E-Ol-2.37E-Cl-1.29E-01 4.79E-02 6e3JE-03 4 • ltiE-0 2 
4 0.01000 -l.62E-0~-2.16E-Cl-1·42E-Ol la23E-06-le08E-02 2. 82E-03 
.J o.J5lu6 -l.39E-Ol-le94E-Ol-l e42E-Ot-3.45E-02-3.12E-02-2.84E-02 
:.::. o.~2~~a -t.36E-Ol-l.73E-Cl-l.42E-Ol-5.06E-02-J.97E-02-4.41E-02 





TABLE IV (Continued) 
::;: 2 3 4 5 6 
x ;;;:: 0 .o 0 .50042 1 .00000 1.soo42 2.ooooc 2.50042 
J y 
4'0 o. 48!:>! 1 
19 o.~5:b7 
J.d o. 43 4 04 
17 u. 4() U:.;; 1 
16 o • .:B2':i8 
lo OeJ!:>74~ 
14 0. JJ l <,J 1 
1.J O.JOt.;.J8 
1~ o. 280U5 
11 vo255J2 
1 () 0.22979 
9 0.20425 






2 o. 02 !.>5.J 
l 0. () 
(d) v/u 
0 
O.O ~.20E-C2 3.06E~O~ lolOE-01 ~.39E-02 4o77E-02 
o.o -3.BOE-02-5.0lE-02 2e94E-02 ~.83E-02 2o3t3c-02 

















-7.42E-02-3.EOE-C2 O.O o. 0 1 • 2 2 E - 01 - <; • 8 8 E -0 2 
.i:'-
'° 
TABLE IV (Continued) 
I = 1 2 3 4 5 6 
x ::. o.o 0.50042 1. coooo 1. 50042 2.ccocc 2 .50042 
J '( 
2u o. t1-bt>l l c.o 2. 32E-C l 4.46E-Ol 4 o90E-Ol 4o78E-Ol 4 • 64 E-0 1 
l~ o.q.;:i,,1::,7 o.o 3.BOE-01 4.dlE-Ol 5.30E-01 5. 03E-Ol 4o86E-Ol 
ld o.4J4u4 o.o 3.H2E-Ol 4 .86E-O l 5.31E-Ol !:.26E-Ol 5. 0 lE- 0 l 
17 o.~oo~l o.o 3 • 4 IE-Cl 4 • ddE-0 l 5.J5E-01 5o30E-Ol 5 • l 9E -0 l 
A. IJ O.J82~8 o.o 3o02E-01 4 o l9E-O 1 5.47E-Ol 5o31E-Ol 5.20E-Ol 
l t> o.J5745 o.o 2 .J6E-Ol 4 .8 1 E-0 1 5.59E-Ol 5.38E-Ol 5.30E-Ol 
J.'f- 0.331·~1 o.o 2.eaE-c1 4.92E-Ol :::. 69E-Ol 5.45E-Ol 5.38E-Ol 
lJ u.30oJ8 0 .o 3o26E-Ol 4 .9 5E-O 1 5.86E-01 5e51E-Ol 5.46:::-01 
l~ u. 2tl 085 o.o 3o46E-Ol 5 o02E-O l 5.93E-01 5.65E-Ol 5o56E-01 
l 1 0. 2~5.J2 o.o .3 • 66E- C l !:: • 23E-O 1 t;. 11 E-01 5 • 65E-Ol 5.59E-Ol 
i 0 o.z2 :)79 8 • 10 E-0 l 3.74-E-Ot 5 .4 l E-0 1 6.13E-Ol 5.64E-Ol 5 • 62E-O l 
y 0.2044:.'.5 9o37E-Ol 2. 7~E-Cl 5.42E-Ol 6 .1 4 E-01 5.b5E-Ol 5o64E-Ol 
8 0. l 7 tj7 2 ~.68E-Ol 3.t.IE-01 5e53E-Ol folOE-01 !:.57E-Ol !: • 60E-O 1 
7 u.1.>319 7el8E-Ol 3 .42E-Ol 5e39E-01 5 .85 E-0 1 ~.34E-Ol !:.40E-01 
0 o. 1271..>(J le94E-Cl 2.<;oE-Cl 4. 92E-O l 5o44E-Ol t.12E-Ol 5el6E-Ol 
5 0.10213 l.23E-Ol 2o51E-01 4.61E-Ol 4 .89E-O l 4 .5 3E-O l 4.76E-Ol 
4 u. tJ76oO c .3 5E-02 1 • 95 E-0 l 3 • 9 lE-0 1 3.87E-Ol 3o88E-Ol 4.0JE-01 
,j O.Q;>l()o 7.0BE-02 l • 39E- 0 l 2.73E-Ol 2.81E-Ol 2.69E-01 3 .12 E -o l 
~ O.Ji:!5:).J 1 .28E-02 7.62E-02 le66E-Ol le74E-Ol le55E-Ol 2. 08E- 0 l 










l 'J 0.11116 





13 o. 0'>1144 
12 O. Ub3ti 2 
1 1 o. iJ7b2 0 
.I. 0 o. J68S 8 
~ o.ot>096 
8 o. J::).3J4 
7 o.01t<:>12 
b u.J:sa10 






VELOCITY DATA FOR SWIRL VANE ANGLE <j> == 60° [SIDE-WALL 
EXPANSION ANGLE a == 90° WIHTOUT CONTRACTION BLOCK] 
1 2 3 4 5 
0 .o 0 .149 35 0 .29S4S c.447ao C.596SC 
o.o 4.lOE+Ol 5. 24E+O1 t.48E+Ol t.26E-t0l 
o.o 4.24-E+Ol 5 .38E+O l 6.46Et0 l 6 e26E+Ol 
c. 0 4. 36E+O l !3e72Et01 6.44E+Ol 6e.32E-t01 
o.o 4. t:4E + 0 1 6. l 2E+ 0 l 6.50E+Ol t.38E-t01 
o.o 5.26E+O1 6 .SOE+O l 6.50E+Ol t.50E-t0l 
o.o t: • 1OE+0 l 6e84E+Ol 6.56E+Ol 6.60E•01 
o.o 7 .24E +Ol 7 .1 4E +O l 6e64E+O l 6.78E+Ol 
o.o 8 • 54 E +01 7.38E+O1 6.78Et0t 6.<.;.\.E-tOl 
o.o S • 4HE + 01 7.58E+Ol 6.92Et01 7el2E+Ol 
0 .o 1 .02E-t02 7 • 76E +0 1 7.14E+Ol 7.:::J8Ei01 
3e56E+Ol 1. C5E+ 02 7.90E+Ol 7.44E+Ol 7 .64 E iO 1 
:3.42E+O 1 le07E+02 a. l 4E -t 0 1 7.76E-t-Ol 7.SOE+Ol 
3e78E+Ol 1.oaE+o2 8.32E+Ol 8.12E-t01 E • l 6E + 0 1 
7. 94E+ C 1 l. C9E+02 8e60E+C1 8e50E+Ol 8e50E+OI 
lel7E+02 1.lOEt02 9 .02Et0 l B .84Et0 l 8e86E+Ol 
l. 04E+02 1 • 11E•02 9.i4E+Ol 9.28E+O1 S.34Ei01 
<J.22E-t01 l • l 4E +O 2 1.01E+02 S.72Et0l C:.S6Et01 
9 .4 0 E +O 1 1.18Et02 1 .04E+02 1.03Et02 le05E+02 
S.90E+01 t.31E+02 l.13E+02 1 .1 1 E + 02 lel3E-t02 
lelOE+O£ 1.69E+C2 1•3 9E+ 0 2 1. 28E+ 02 1•35E + 02 




6.62::: +O 1 












S. 56E+ 0 l 
1.00E+o2 
l e06E+02 

























TABLE V (Continued) 


























I). j 1~24 
u. JO 7u 2 
(J. 0 
o.o 2. 17 E+O l 1 .o l E +O l 9.00E+OO 6.38E+OO le lOE+Ol 
o.o l .40E+Ol 3.30E+OO 3.07E+OO 2a86Et00 !:e31E+OO 
c.o l • 0 4E + 0 1-2 • 7 CE+ 0 C la20E+CO 2.t:5E+OC l.87E+OO 
o.o 9 a60E t00-3 .78E+OO 6e62E-O l 2a06E-t00 1.42::+00 
c. 0 6e55E+00-4e36E+OO l.53E-Ol 1 .44 EtOO 9.89E-Ol 
o.o 1 • ~3E + 0 C- 4. 7 7E + 0 C 3.27E-Ol 7. 92E-Ol 7a6bE-Ol 





















.l 9 0.4;,957 
18 o.~J4.:>4 
17 o.r,.ou::;1 
lb 0. 35 2~ 8 
15 o.J5745 
l It u.331"11 
13 O.JlHd8 
12 u. 2 8 () d 5 














TABLE V (Continued) 
1 2 3 4 5 6 
0 .o o.eoo42 1.coooc J.!::0042 2.coocc 2 .50042 
o.o e. 09E-Ol 5.92E-Ol 3.54E-Ol 3.93E-Ol 3.32E-Ol 
o.o 7.85E-Ol 5. 92E-O l 3. 82E-Ol 4.07E-Ol 3 e4dE-Ol 
o.o 7e2AE-O1 5e27E-O l 3.91E-Ol 4.02E-Ol 3. 40c- o i 
o.o c •!SSE- 01 4.69E-Ol 3.91E-Ol 4e05E-Ol 2.29E-Ol 
o.o 5.14E-Ol 4.06E-Ol 3.99E-Ol 3.S9E-Ol 3.12E-Ol 
o.o 3.66E-Ol 3.51E-Ol 3.95E-Ol 3.87E-Ol 2e89E-Ol 
o.o C:. C9E - CI 3e06E-Ol 3. 90 E-01 3.68E-Ol 2.70E-Ol 
o.o 5.75E-02 2.73E-Ol 3.75E-01 2.46E-01 2. 46E- 01 
c. 0 -6.38E-02 2•44E-Ol 3.55E-Ol 3.20E-Ol 2.12E-Ol 
o.o -t.ftj.E-01 2. l 9E-O I 3. 22E-Ol 2. SOE-01 1 • 7 /E -01 
2.59E+00-2.29E-Ol 1 .97E-O l 2e72E-Ol 2.3·re-01 I• 33E- 01 
2.70E+CC-2.t~E-Ol l.58E-Ol 2.15E-Ol l .92E-Ol 8.36E-02 
le39E+OC-2.89E-Ol l • 23E-01 le51E-Ol 1.44E-Ol 3.70E-02 
8.13E-C2-2.96E-01 6 .98E-O 2 8 .32 E-02 E.30E-02-l.26E-02 








TABLE V (Continued) 
l = 2 3 4 5 6 
I( = o.o C.5CC42 t.coooc l.50042 2.coooo 2.50042 
J '( 
20 Ooll-:l511 
l~ o. ~:> ~t. 7 
Hi Oo'f.3.lf.04 
17 o. 4 \) 8~ 1 
.Lo o • .Jo.29 a 
15 Ool:i/45 
14 0 • ...).:) l ') l 
13 O.J0638 






6 o. 127o6 
:.> 0.10213 













4.2BE-Ol l .72E-O l 





-3 .91E-02-7 .55E-02 
l.32E-Ol 
4o 7 8E-02 
t.89E-02 




<,; .f;5E-02 1.59::-01 
4o4lE-02 8.02E-02 
4ol2E-02 2o86E-02 
3.30E-02 2 .26E-02 
2.38E-02 lo60C-02 

















TABLE V (Continued) 
------
l ::: l 2 ] 4 5 6 
)\. .;;;; o.o 0.50042 t.00000 1.500 4 2 2.oaocc 2.50042 
J '( 
20 Ooif.!3511 o.o 7 e04E-O l 7.68E-01 7.53E-Ol 7 • 5 7E -IJ l 7e4bE-01 
19 Oeli39'::>7 o.o 7.lfE-01 8.vBE-01 8 .04E-01 7.84E-Ol 7.89E-Ol 
18 0.4.J4J4 o.o 6 • 93E -0 l B. 18E-O1 E. 16E-Ol 7.S5E-Ol E.09E-Ol 
l l 0.'.4-Jd::>l o.o 6 .91 E -0 l 8.53E-01 8.38E-Ol e.22E-01 E.47::-01 
lo O.Jd2Sc c.o 6.72E-Ol 8e71E-Ol 8.55E-01 8.56E-Ol 8.75E-Ol 
1 !;.> o • .Jol_.5 o.o t.t:lE-01 B. 8 7E-O 1 8.70E-Ol E.69E-01 g.ooE-01 
14 o.J.Jl'-Jl o.o 6.60E-Ol 9e08E-Ol 8 .92E-O l SeOlE-01 S.1.7E-Ol 
J.~ o.JvuJd o.o 7.14E-Cl 9.38E-Ol 9.18E-Ol Se21E-Ol 9e44E-O1 
i2 u.2bl-u5 o.o 7e60E-Ol 9e65E-Ol 9.35E-Ol ':i.39E-Ol S. 65E-Ol 
1 l o. 2S5.J2 c.o 8.00E-01 9 .98E-O l 9.57E-Ol c;;.65E-Ol S • E!5E-O 1 
HJ u.~29f':J 1 .8 SE j-Q C 8 • 42E - C 1 1. 02E+ 0 0 9.74E-01 <.;. 79E-Ol c;;.97E-Ol 
~ 0.204~5 l o84E-+OO 8.67E-Ol 1 .04E+OO 9.79E-Ol Sa87E-Ol <;.t;6c-Ol 
u v.171372 1.08E+OC 8. 78E-Ol 1 .03E+OO 9e76E-01 CJ.77E-Ol 9.63E-Ol 
I o.1::>319 4.34E-Ol e. 78E-O l g.ssE-01 <;.51E-Ol S.48E-Ol S.OlE-01 
0 0.12760 2.94E-Ol 8al9E-Ol 9.39E-O l 8.94E-Ol 8eElE-Ol 8.38E-Ol 
5 u.10213 l.86E-C 1 7. 35E-Cl E •. H:E-01 8.l 7E-Ol 7.95E-Ol 7.24E-O1 
'* O.u7c~O t.<:iBE-01 6.09E-Cl 6a57E-Ol 7o03E-Ol t..E3E-Ol 6.0oE-01 
3 o.O)lllo l.S.7E-Ol 4e43E-Ol 5 .t BE-0 1 5.46E-Ol 5.27E-Ol 4 .24::-01 
c. o.u2;;,~3 l.58E-Ol 2. 42E-Ol 3.38E-Ol 3. 7i.JE-Ol 3.34E-Ol 2 • 07E -0 l 
































u. 12 9~ 4 
o. 12 l ';}2 
0.11430 
0.1 J6:...d 








u. O.:HH O 
0.03048 
u.022:;6 




VELOCITY DATA FOR SWIRL VANE ANGLE ¢ = 70° [SIDE-WALL 
EXPANSION ANGLE a = 90° WITHOUT CONTRACTION BLOCK] 
1 2 3 4 5 6 
o.o C.1493~ C.29€45 C.44780 0 .596 9 c 0.74625 
o.o 2 • 90E+O1 6 .58E+O 1 6.94E .. O 1 t.70Et01 e.ss::+-01 
o.o 3. 98E+Ol 6 • 7 6Et-Ol 7.02E+Ol 6e86E+Ol 5.84E+Ol 
o.o 4 • <;4E+01 b .86E+O l 7.08Et01 t.S4Et01 6.14E+Ol 
o.o 5 • 96E+O l 7.00E+Ol 7.18E+Ol 7elOE+Ol (; • 3bE +Ol 
o.o 7e12E+Ol 1. 14E+O 1 7.22E+Ol 7.28E+Ol t.58E+Ol 
a .o 8 el4-E+Ol 7.32E+Ol 7.44E+Ol 7.46E+Ol 6.ao=:+o1 
o.o Se 9BE+Ol 7.4eE+Ol 7.58E+Ol 7.70E .. 01 6e98Et01 
o.o 9. 60E + 0 l 7.64Et01 7.80E+Ol 7.i;4E+Ol 7e22Et-Ol 
o.o 9e9'3E+Ol 7 .86E-+O l a.04E+O l e • l 8E +O 1 7.4~E+Ol 
o.o 1. C2E+ 02 B.C6E+Ol 8.32E+Ol 8.44E+Ol 7.70E+01 
4.38E+Ol l • 03E i 02 8e32E+Ol a.60E+Ol S.70E+Ol 7. 96E +01 
4a28E+Ol 1. 03E +02 8a64E+01 8.92E+Ol '> a04Ei0l E.26E+01 
ca30E+Ol l • 03E + 02 g. 0 OEt-0 l 9.26E+Ol c;.37E+Ol Ea5't>E+Ol 
1 .12E-+02 1 a05E+02 9 e46E iO 1 9.58E+Ol s.70E+Ol e.86E+Ol 
1.24E+02 1•07E+02 9.90E+01 9.98E+Ol l.01Ei02 9.26E+Ol 
t.18E+02 l.09E+-02 1. 0.3E+02 l. 04E+ 02 l •CSE+ 02 <;.64E+Ol 
l.OBE+02 t.llE+02 t.07E+02 l.08E+02 t.lOE+02 t. 02E+02 
1. 0 4E+ O 2 1.t4E+C2 lalCE+02 l.13E-t02 la11Ei02 1 .O<:IE+02 
l.08E+O.C l.20E+C2 1 el 7E +O 2 t.21E+02 1.27E+02 t. 22t::+o2 








l ') 1>.13716 
l tl 0.129!:>4 
17 0. 12 l ·j2 
lb 0.114.JO 
15 o. l 06ud 
l4 (). U990 6 
J. J 0.091~4 
!2 O. Otl3tl2 
l 1 u.01020 
10 o.u'.)ibd 
9 0.060~6 
a 0 .U!.>JJ 4 


















c.o t.56E•Cl t.a7E+Ol a.46E+OO 6.45Ef00 1.27E+Ot 
O.O 4.6uE•OO 3.21E+OC 3.91E+OO l.27E+OO 6.95E+OO 
o.o -2.13E•00-2.90E+OO 5.53E-Ol-<:.l3E-Ol 1.16E-t-OO 










- 1 • 7 6 E + 0 1 - B • 8 5 E + 0 0 - 1 • 1 1 E • 0 1 - l • 3 0 E f 0 l - l • l 4E + O l - t • 7 2 E + 0 O 
-S.40E•OC- l .07E+Ol-l.37E+Ol -1.59Ei-Ol-1•34E-t01-6.52E+OO 




-5.48E+Ol-!:.41E+01 a.a o.o 0 .o 0 .o 


































u. J06J 8 
Lio 28 0d5 
Oo255J2 
0.22919 











TABLE VI (Continued) 
l 2 
0 .o 0 .soo 42 
o.o 1•c2E+00 
o.o l o30E +00 





o.o -l .29E-Ol 
o.o - 2•1bE-C1 
0 .o . -2.70E-01 













2 e99E-C l 
2.50E-01 
1 .aoE-o t 
<.;;. 44E-02 
4 








2 .95E-O l 











































TABLE VI (Continued) 
l = l 2 3 4 5 6 
x :;; 0 .o 0. 5004 2 1. coooc 1.suo42 2.coocc 2.soo42 
J '( 
~o 0.4d51 l c.o 5.18E-Ol 2.39E-Ol 1.85E-Ol l.38E-Ol 2.40E-Ol 
19 O.<l;)9::,7 O.O l.36E-Ol 7.23E-02 9.03E-02 2.84E-02 la39E-Ol 
J.t> o.~3404 O.O -S.59E-02-6.96E-02 lo28E-02-4.87E-03 2.52E-02 
J. / O.:t-Ol:bl O.O -l.59E-Cl-8.83E-02-l.53E-03-3.46E-02 l•54E-02 
16 O • .:iti2',i8 o.o -2 .02E-Ol-1 .16E-O l -2.87E-02-4. 87E-02-1.27E-03 
1 b o. j 5 74 5 O.O -2.14E-Ol-le36E-Ol-4.27E-02-f.o5E-02-1•51E-02 
14 u.J3191 O.O -2.33E-Cl-le54E-Ol-f.90E-02-g.2aE-02-2.35E-02 
Li O.J0638 O.O -2.24E-Ol-l .59E-Ol-9a61E-02-1.llE-Ol-3.66::.-o2 
.12 c. 2d0cl5 o.o -2.17E-Ot-l.62E-Ol-1.26E-Ol-l.29f-Ol-5.54E-02 
.11 0 • .:!553 2 O.O -2.04E-Ol-l.73E-Ol-1•57E-01-t.57E-Ol-6.76E-02 
10 o.~2:;19 t.-01E-Ot-l.93E-01-l.98E-Ol-l.91E-01-1.82E-Ol-S.02E-02 
9 o.2.J425 -2.45E-Ol-l.S5E-Ol-2.21E-Ol-2.27E-Ol-2.00E-Ol-9.91E-02 
ti 0 .11 d1 2 -5.86E-Ol-2.02E-Ol-2.45E-Ol-2.65E-Ol-2.36E-Ol-l.13E-Ol 
7 o. l 0 .31 9 -2.83E-Ot-2.07E-Ol-2.70E-Ol-3.05E-Ol-2.t3E-Ol-l.26E-O! 
b 0. 12 lt.> 6 -l.40E-Cl-2.31E-Ol-3.06E-Ol-3.4bE-Ol-2.83E-01-1.34E-Ol 
5 0.1021.J -l.3lE-Ol-2.38E-Ol-3.25E-Ol-3.78E-Ol-~.OlE-Ol-l.5BE-Ol 
4 0.01000 - l • 92E -01-2 • 63E-01-3•7 OE-0 l -4 .2 4 E -01 -3 .4 2 E -0 1- l .so E-0 1 
,j 0.()5l06 - 2 • 4 4E- 0 1- 2 • <; 5E - 0 l-3 • 8 2E -0 1 -4. 49E-01-3 • t:6E- 01 -2. 01 E-0 l 
2. 0.02::,53 -2.70E-01-2.96E-Ol-3e99E-Ol-4.69E~Ol-3.59E-Ol-2.35E-01 




TABLE VI (Continued) 
! = 1 2 J 4 5 6 
x ::; o.o O. 5C04;: 1.ccccc 1 .50042 2.00000 2.50042 
J ( 
20 o. ~ d 51 1 o.o 8.98E-Ol 1 .16E+O0 1.16E+OO lel3Ei00 S.77::-01 
1 C) o. c+'J'J'Jl o.o 1.C8E+OO 1 • l 9E+-OO l.24E+OO lol9E+OO 9 • 72E-01 
Hi 0043404 o.o l.14E-t00 1 .28E+OO l .25E+-OO 1.22E+OO loC'iE+OO 
1 l u. 40 l;j!:}l c.o 1 .15E+OO l e32E+OO le29E-t00 le27E+OO lel6E+OO 
lo O.JB2~1:3 o.o 1 • l '•E + 0 0 1. 3 4E+ 0 C t.30E+OO 1.31E-tOC 1 .22E -t-00 
1 5 uo357~5 0 .o 1 .t5E+OO l .38E+OO t.34E+OO t .34E+OO 1•2 7E +00 
l4 UoJJl':il (.. 0 le18E+OO l • 41 E+O C l.37E+OO 1 • 37 E iO 0 l.31E+OO 
l .) o • .JOo.Ju o.o l. 23E -tO 0 l.45E+OC lo 39E+OO le41E+OO l.3t>E+OO 
l ~ 0.:?. 30o5 o.o le25E+OO 1 e48E+OO 1 .42 E+OO l.44E+OO i .39::.-roo 
1 l u. <:'.5 5J2 o. 0 lo 29E+OO l.51E+OC 1.44 E+OO l.46E+OO t.42Ei-OO 
.I. () 0. <: ~ 97 9 3o33E+OO 1 .35E -tCC loSlE+OO lo45E+OO l.47E+CG l.42E+OO 
':J o • .! 04~ 5 2.57E+OO le36E+OO t.50E-t00 1 .45E+OO l .46E-t00 lo39E-t-OO 
ti o.11u12 l. l 8E+CC 1•36E + C 0 l • '~ 5E+ 0 C 1.40EH>O l .39E .... O 0 l.36E+OO 
7 OolSJl<J 8 .26E-O 1 1 .29E •OO 1 .3 7E +O 0 l.31E+OO l.29Ei-OO 1o28E + 00 
6 o.1~706 ·1.CIE-Ol lelhE+OO lo24E+OO le20E-t-OO l.l7E+OO l.l7E-t00 
5 OolJ21J te36E-01 1 • 02E + 0 0 1•C7E+0 0 t. 03E+OO 1•COE+0 C 1 .OOE-tOO 
4 o.u76CJO 4 o l 8 E-0 1 8 .06 E-0 1 8.83E-Ol 8.33E-Ol 7e92E-Ol e • 16E- 01 
j o.o:;, lvo J.72E-Cl !:: • c lE - 0 l 6e50E-Ol 6 • .llE-01 5 .87 E-0 l 6.03E-Ol 
2 o.u2:;,__,J 2.?0E-01 3o72E-Cl 4.09E-Ol 3o74E-O.l 3.51E-ul 3.55t:-Ol 






VELOCITY DATA FOR NONSWIRLING FLOW <jl = 0° 
[SIDE-WALL EXPANSION ANGLE a = 90° 
WITH CONTRACTION BLOCK AT L/D = 1) 
I = l 2 
x ;;;; 0 .o 0 .14935 
J y 
20 o.14-47d o.o l. 80E + 0 2 
19 0.11716 o.o 1 .ao E +02 
td G.12954 c.o l.84E-t-C2 
l 7 Oel21Y2 o.o l • 85E + C 2 
lo u. l 1 43 0 o.o 1 .87E +02 
15 o. l Jbu B o.o 1. 87E+C2 
14 o .oy 9u 6 0 .o 3.60Et02 
13 0.0~144 o.o 3.60E+02 
l2 0 •OU 3d2 o.o 3. 60E +02 
l l o.u7620 o.o 3 .60E +02 
lO O.Oo8!:>E 3.60E+02 3.60E+02 
9 O. Jo OSI 6 3.60E+O.: 3 • tOE + 02 
ti Oo053.J4 3 .60Ei0 2 3 .60 E i02 
7 0.045/2 3.60E+02 3.60E+02 
6 O.J3tHO 3e60E+02 3.60E+02 
5 o.J301'-8 3.60E-t02 3 .60E+02 
4 o.022u& 3. 60E+ O:: 3.tOE+C2 
3 0 .J 15~ 4 3.60E+02 3.60E+02 
2 v.u071:>2 J. 60 E+02 3.60E .. 02 
1 o.J 3.60E+02 3. 60E t- 02 
(a) Yaw Angle °' f-1 
TABLE VII (Continued) 
1 ;:: 1 2 
x = o.o o. 1493!: 
J '( 
~o o.1~473 o.o -8 .38E -0 l 
19 0.13716 o.;o -l.2~'>E+Ol 
!8 Oe 129:..>4 o.o -3 .5.7E•Ol 
11 o. 1.:!1;,,;2 o.o o.o 
l.6 o. 11 4.:lO c.o o.o 
15 0 el u oo d 0 .o -5.t:lE+Ol 
14 u.o;,906 c.o 0 .o 
ii.J 0.091-+4 o.o - 2. t9E + 01 
l.2 o.J::>.3u2 o.o 8 e73E+OO 
11 o. 07 6;;! 0 o.o 8 .64 E +00 
iO o.u68Sd 2.79E+OO 4.47E+-OO 
y o.:.H:io;.16 l e91E+OO 2.T~E+OO 
8 u. v t>.J.J 4 7e83E-Ol lo50E+-OO 
1 o. u4o7 2 2 afi9E- O l S. 4flE - 0 l 
b 0. ()3 dl u 2 .07 E-0 l 7 • 78 E-0 l 
~ u. 0304 8 1 • 4 2E - C l 7.2JE-Ol 
4 O.J22d6 3.26E-O 1 S.2,!E-01 
~ u. 01 ;)2 4 5.soE-o1 8.2">E-Ol 
2 O. 00 7u2 5. 8 7E- Cl a.aoE-01 
1 O.j 7e7lE-01 9.71E-Ol 
(b) Pitch Angle 
°' N 
TABLE VII (Continued) 
I :::: 1 2 
x = o.o Oe5C042 
j 
" :.:.!O o.~3511 0 .o -1.66E-Ol 
l~ o. 4~9~7 o.o -1. c7E-Ol 
1 /j 0.43404 o.o -1.3?.E-Ol 
l 7 O.lf.OU::>l o.o -1 .41 E-01 
lo o. J82<;; 8 o.o - 1. l6E- 01 
lS O.J5 74-5 o.o -8 el6E-02 
14- O.J3191 c.o 1 .87E-02 
J.J o.JOo.J8 o.o e. 74-E- 02 
12 Oo 2 :j Ob5 o.o 2e62E-O1 
i1 o.~o5J2 c.o 5.35E-Ol 
10 0.22919 leOlE+OO e • 23E-O 1 
9 o.~o4-i::!5 1.0lEiOO 9 .84E-Ol 
d 0.171:372 t.OtE+CC 1 • C2 E • 0 0 
7 o.1:>.J19 l.OlE+OO 1 o02E-t00 
b o. 12 706 1.0lE+OO leC2EiOO 
5 0.1021~ l.OlE+CC 1. 02E + 0 0 
4- o. 07o5 0 l.OlE+OO l .03F +00 
3 O.O!:>lv6 leOlE+CC 1 .03E+OO 
2 O.OZ!:>t.l3 leOlEiOO 1 • C3E +CC 




TABLE VII (Continued) 
1 = 1 2 
x = 0 .o 0.50042 
j ¥ 
20 u.4-8511 o.o -2.43E-03 
l9 o.45957 o.o -3 • 72E-02 
18 o. 4J4J4 o.o -S .49E-C2 
1 l 0 • ~ Obo l o.o 0 .o 
.10 O • .j82~ E c.o o.o 
l !> o.:Jt>/45 o.o - t. 22c - c 1 
1-+ o.3Jl'>ll o.o 0 .o 
13 o. 30638 c.o -4.43E-02 
l2 u.280b5 o.o 4.0lE-02 
l l U.25tlJ2 0 .o 8e12E-02 
10 0.22'>1lS 4. S4E-02 6e44E-02 
'J 0.2J425 3 .37E-02 4. 70E-C2 
ii O.l ld72 1.38E-O2 2.6.lE-02 
7 0.1:.319 4. 7 3E- C:: lef9E-02 
0 li.l.:!7oo 3.65E-02 l.39E-02 
5 o. 1J213 2.5CE-C3 l .29E-02 
4 o.o7ouO 5. 7 4E- C:: 1. 43E-C2 
3 I) .uo l06 9.69E-03 1 , 48 E-0 2 
2 o.02::1~J l.03E-02 1 .58E-02 




TABLE VII (Continued) 
I = 1 2 
x :: 0 .o 0.5C042 
J '( 
2U o. 48511 o.o 5e80E-C7 
1 'i o.4:>'>1o7 o.o 5.8,~E-07 
.I. 8 u.43404 o.o -9.21E-03 
1 I u. '*I.) uo 1 o.o -l.23E-02 
lb 0. Jd 29 8 o.o -l.42E-<l2 
p· 
.;;) 1).35745 o.o -1.ooc::-02 
1 '+ 0. 3.3 l 'J 1 o.o -1.IJE-07 
1 .J o • .:Sub..)8 o.o -5 .26E-07 
12 o. 280t!5 o.o -1 e58E-06 
J. l o • .::t.5J2 o.o -3 • 22E-06 
.. 0 0.22919 -6 .1 1 E-0 6-4 096 E-06 
9 u.204~5 - 6 • 1 OE- C t-5 • S3 E -06 
Cl 0 .11 d7 ~ -6.0BE-06-6.t5E-C6 
7 o.l5.Jl9 -6.08E-06-6.t4E-06 
6 0.12766 -o.07E-Ot-t.16E-C6 
:., 0.1J213 -t.OBE-Ot-6.l?E-06 
4 0.01000 -6.08E-06-6.19E-06 
,j o.u51u6 - t • C BE- C t- 6 • 1 9E - 0 6 
2 o.1.1~5:J3 -6.07E-06-6.20E-06 





VELOCITY DATA FOR SWIRL VANE ANGLE ~ = 45° [SIDE-WALL EXPANSION 
ANGLE a = 90° WITH CONTRACTION BLOCK AT L/D = 2] 
l = l 2 3 4 
)( 
-
0 .o 0 .14935 0.29845 C.447€0 
J v 
;:: u Oelf4.47d o.o 1e82E+C2 3. 6 OE+ 0 £: la 90E+ 02 
l ') 0.1Jll6 o.o 1 a82E t02 3e60Et02 l a90E+02 
ld o. 12S::.i4 c.o la95E+02 3a60E+02 3.60 E+ 02 
17 0.121':J2 o.o l. 87E +O 2 3. 60E+ 02 3.60E+02 
lb 0.11£4-30 o.o 1 e87E+02 3.60Et02 J.60Et02 
lo u.10008 o.o la81E+C2 3.60E+C2 3a60E+02 
14 o.o,)906 o.o 3o60Et02 3a60Et02 3.60E+02 
!3 o. 09144 o.o 3e60Et02 3e60E+02 3 .60 E+02 
l~ o. 08 3d2 o.o 3efOE+02 3a60E+02 3. 60E+ 02 
l 1 0.0102.0 o.o 3.60Et02 3.60E+02 3.60E+02 
hi o.oost>e 3. 60E+ C2 3a60E+02 3e60E+02 3a60E+02 
9 o.OfJ096 3.60E+02 3 • 60E+ 02 3. 60E+O 2 .3. 60 E+ 02 
tl u. 05;:; j 4 3a60E+02 3.60E+02 3a60E+02 .3a60E+02 
7 u.04512 3.t:OE+02 3 • fOE+C2 3.60E+02 3a60E+02 
6 u.O .. HHO 3.60Et02 3.60E+02 .3 • 6 OE +O 2 3o60E+ 02 
5 0.03048 3.60E+02 3.60E+02 3e60E+02 3.60E+02 
'* o.v~2ti6 3. 6 OE+O £ 3.eOE+02 3.60E+02 3. b OE+02 
,:j 0. J l 52 4 3 a60E+02 3 a60 E+02 3.60E-t02 3.60E+02 
:2. o. vu7o2 3a60E+02 3.60E+02 3.60E+02 3a60E+02 
l 0 .0 3.60E+02 3.60E+02 3. 60Ei-02 3.60E+C2 
(a) Yaw Angle 
°' 
°' 
TABLE VIII (Continued) 
1 :: l 2 3 4 
x :: o.o 0.14935 0.2SE45 0.447SO 
j '( 
<:'. LJ Oeli4/d o.o 0 .o -4.18E+Ol-2.89E+Ol 
.I."" o. 1 .3 71 6 o.o o.o o.o -3.59E+Ol 
18 u. l .2 <::it.I 4 (). 0 a.a -2.02E+Ol t.39E+Ol 
17 O.l2l':i2 o.o -4 .13E+O l 3 .a IE +O 1 5.18E+Ol 
lo V• 11 4J 0 c.o -4.02E+01 3.16E+Ol 4.32E+Ol 
.1.5 0.10008 o.o o.o 3. 46E+O 1 3.41E+Ol 
l 4 0.099Cl6 o.o -3.00E+Ol 2el6E+Ol 2.90Et01 
.1.3 o.u9144 o.o 1. 09E+Ol 1 .6SE+Ol l .87E+Ol 
12 0 .Od .Jo 2 o.o lel2Et01 l el lE-tOl l .32E+O l 
.I. l o. i) 762 0 o.o 7.89Et00 7e59E+OO le07E+Ol 
i.O o.Jou!:>e .J.83E+CC 4 • E3E i-00 5e 5 c;E+ 0 C 8. 33E+ 00 
9 o.Ja0':16 2e63E+OO 2 .86E +00 4 .1 7E+OO 6 .53E+OO 
8 O.i)53.J4 1.32E+OC 1•82E+OO 2.89E+OO 5 .02 E"+OO 
7 u.v4572 3 .82E- 0 1 1. 28E+ 00 2. C BE+ 0 C 4. 1 OE+OO 
6 o.o:HH v lel6E-01 9 .90 E-0 1 1.54E+OO 3e29E+OO 
!:> v. OJ048 1. 9 2E- CC: e. ::2E-C 1 l.13E+OC 2o58E"+00 
4 o .v22o6 2.9-TE-O1 7e<.i5E-Ol 9.83F.-Ol 2.15E+OO 
3 0.01024 4.67E-Ol 8 e64E-O l 8 .-7 l E-0 l le60E ... OO 
<:: o.007o2 (). 0 lE-0 J 8. 12E-Ol 8. C CE-01 l.25E+OO 
t iJ. 0 a.38E-Ol 9.03E-O1 B.27E-Ol le41E+OO 
(b) Pitch Angle 
()'\ 
-..J 
TABLE VIII (Continued) 
l ;;: l 2 3 4 
x = o.o 0.5004, 1.ooocc 1.50042 
J ( 
.co o. 4d511 c. 0 -7.26E-02 3.80E-02-8.77E-02 
19 u.4:>9t>7 o.o - 8 • 30E- 02 2.01E-02-a.1eE-02 
48 u.43404 o.o -8 .25E-02 4e66E-02 3e83E-02 
11 u.<t-08t>l o.o -6. 32E-02 5.40E-02 6el9E-02 
to u • J8 2SI 8 o.o -6. 36E-02 8.74E-02 t.03E-Cl 
15 u.J5745 o.o -4 .50E -02 l • 20 E-0 l 1.66E-Ol 
14 I.). 3J 191 o. 0 1. 8 lE - C 2 2.1 cE-Cl 2.18E-Ol 
J..j u.30bJB o.o l .13E-Ol 3 .06E-O 1 3e25E-Ol 
1~ C. 2o Ob5 o.o 2 eS4F.-Ol 4 .2lE-01 4.09E-Ol 
1 1 Ue255..:.i2 o.o 5 • 6oE -0 1 5.8~E-Ol ~. 09E-Ol 
1 0 0.229/9 le03E-t00 8e55E-Ol 7.54E-Ol 6.29E-Ol 
9 l). ;;!0 42 5 1•02E+0 0 l.OJE+OO S.67E-01 7el4E-01 
9 0.11072 l.OlE-tOO 1 .04E +00 <;. 56E- 0 1 7.95E-Ol 
7 u.15319 l.OOE+OO le04E+OO 9 • J8E-O l 8e7lE-Ol 
6 Ue 1't!.7L6 1.0tE+CC leC4E-tOO t.OlE+OO <;.13E-Ol 
b 0.10213 leOCEtOO le04Efu0 lo02E+OO ':io38E-Ol 
4 u. 0 lbo 0 leOlE+CC 1 • 04E t 00 l.02E+OO 9.56E-01 
.] o.0!:>1u6 le OOE+OC l. 04E + 00 1 • 02E+ 0 0 9.6 l E-0 l 
2 0.025::.>3 loOOEtOO lo04E+OO le02E+OO 9.6'.:IE-01 




TABLE VIII (Continued) 
- l 2 3 4 
x = o.o o.soo1t2 i.ccccc 1.50042 
J '( 
~o o.~o5! 1 o.o o.o -3.40E-02-4.93E-02 
J.9 o.ttt>9~7 o.o o. 0 o.o -6.0lE-02 
lB o.434u" o.o 0 .o -1 .72E-02 5.26E-02 
17 o. 40 d:>l c.o -5.61E-02 4 .32E-O 2 7.87E-02 
J.b u • .Jd2<..i8 o.o -5.41E-02 5. 3 7F.-O ~ S.65E-02 
to 0.1:;11.;5 0 .o 0 .o 8 .25E-02 1.13E-Ol 
.i4 o. 3.3llJ1 o. 0 -1. 04E-02 8.55E-02 la21E-Ol 
l.J o • .10c3e o.o 2. l6E-02 <;. 3 2E-O 2 lalOE-01 
1.2 0.290b5 o.o 5 • 63E ...;.02 8.26E-02 9•57E-02 
1 l 0.255:,2 o. 0 7.813E-C2 7.7fiE-02 9 .63 E-02 
lO O.r!.~91'-J 6.90E-O~ 7.22E-C2 7 .3 7E- 02 Sa21E-02 
CJ 0.20425 4.68E.-02 5 .16E-02 6 .31 E-02 8. 18 E-0 2 
ti o. 1.1812 2 • 34E- C 4: 3.3tJE-C2 4. 8 3E-02 6.98E-02 
7 0.15319 6a69E-03 2a32E-02 3 .62E-02 6.25E-02 
i.> 0.127<,6 2.03E-C3 l .79E-02 2.72E-O~ 5.25E-02 
5 u.10213 ~.36E-04 t.51E-C2 2. 0 2E-O ~ 4.23E-02 
4 o.u76.)0 5 .22E-03 1 a44E-02 lal5E-02 3.59E-02 
J 0.0!5106 E! • 19E-0:: 1.57E-C2 l .56E-02 2 .69 E-02 
;:: u.u2~J3 le05E-02. l.47E-02 1. 4]1::-02 2ol2E-02 








































l). 2.2.~ { ~ 
0.2.042.5 









































VELOCITY DATA FOR SWIRL VANE ANGLE 
~ = 45°[SIDE-WALL EXPANSION ANGLE 
a = 90° WITH CONTRACTION BLOCK] 
AT L/D = 1 
.I. :: l 
x = c.o 
.J '( 
19 0.13716 o.o 
1 8 (;. L2':1~'+ o.o 
17 0.12192 0. l) 
16 Go 11430 o.o 
1 5 C.1C6bB o.c 
14 o. ;)':1906 0.0 
1 3 0.0914 .. 0. t) 
1.2 '.).OB.3132 o.0 
1 l 0.07620 o.o 
10 0.Jo/:158 3 • .31'.d';.+Dl 
9 r;. Ot.tJ':ib ..1.34£+01 
8 o. <):)Jj4 J.lOE-rOl 
7 O.Ott:i72 3e5i+E-;-')l 
6 o.1)J1:110 4.J.4E+C'l 
5 G,•J3048 7o76Et-f;.l. 
4 c. !} ,,: 2 db 9.74Ei-Jl 
, 0.0152•• 1.021:+•).2 
-' 




2. SOE ... Ol 

















1 o.o '.>e40L1-''•)-2, 00[-01 
(a) Yaw Angle 
-..J 
I-' 
TABLE IX (Continued) 
I :: 1 2 
)(. 
-
(;. 0 C.14!:13'.J 
J y 
19 0.13716 o.o 1. 32E ... 01 
18 o. 1:•95,. 0 • ,j 5. 08E +00 
17 0.1~192 D •'l ... 3. b4E+OO 
16 O.ll43v c .o -2.o:>E-01 
1 5 0.1C668 0 .-c -7. ltiE+:)O 
14 0.09900 I} o 0 
-1.1CE+Ol 
1.3 Cr.09144 0 • <: -5.eiE ... oo 
12 0.0031:.12 o.o -2. d2E ... OO 
11 C.07620 o.o 
- 3 • 11 E +00 
1 '~ .... OoL'od5d 1ol9E ... C1-.~.30E1-00 
9 0.ooO~ti l.16E ... Ol-J.5~E+OO 
8 O.O:J33<t l.C1E+01-4.J9E+OO 
7 0. •) 4 5 7 ~ be9tlf+OO-bo04E+OO 
6 O. J3elCi 3.59E•C0-7.~dE+OO 
5 O.OJ048 - 2. 1 JE +(J 1- 1. 21 l:. ..- 'J l 
4 0.02:nsti 
-l .69E+01-1. d7E1-01 
3 (i.(Jl524 
-l.49l ... 01-3.39E+vl 
2 o.001t,2 -1.87£+GO o. 0 
1 o.o -l .03E+Ol-4o 15E ... Ol 
(b) Pitch Angle 
....... 
N 
TABLE IX (Continued) 
1 = 1 2 
" 
= (.,. 0 0. 5 ;,)() 4 2 
'"' 
'( 
l~ 0.<+59'5"f o.o 7, i<+E-01 
113 o. 43404 0. I) ti. l 7E-01 
17 C,4()851 0.0 7, Olf-Cl 
16 o.362<Js 0. 0 s.OoE-Cl 
15 0.35745 O,( 2. 59[-')1 
14 0.33191 () I Cl 6 I l:jf) E-02 
13 r:· I 3,) 6 3 B o.o - 6. 79i-02 
12 Oo2b01i5 (,'. 0 -1.tlqf::-Ol 
1 l 0.25532 o.o -2. 53E-Ol 
10 vo ·.U.979 le53i+00-2.HDE-01 
9 0.2('425 lot>HET-00-2. H:>E-')l 
e o. 17872 l.81ET-00-2·6dE-Ol 
7 c. 15319 1•32E ... ')O- 2. 27E-Ol 
6 C.127b6 315HE-01-1. 73E•Ol 
5 0.11"<'13 2.14t-02-l, 16E-·)1 
'• 
C • \)7 l:>bO -2.ldE-02-4e67E-02 
3 0. v ::> l 1) 6 -J,o2E-02 1. 63£-(;2 
2 0.0~553 -•.7~c.-02 4, 1dE-02 





TABLE IX (Continued) 
l = 1 2 
x .:; ( . :) 0.5CH)4.2 
J y 
19 0.45957 o.o 2.02E-Ol 
18 Oe 43404 o.c s. OoE-02 
17 Oo40ti~l o.o 5• 06E·O~ 
16 0.3829tl c.o - 2. 84t:-OJ 
1 5 o. 3':.>745 (j • 0 -s. 2JE-02 
14 0.3Jl91 o.o -6. 15E-02 
1 J 0.JCbJB (i • 0 
-3.98E-02 
1 2 o. 2eoos o.o -2. 4~E-02 
l l 0.25532 o.o -3. 02E-02 
l :J 0.22979 3od6E-Cl-3o4ol-02 
9 t;1.2.;425 4.121:::-01-3. 94£-02 
e 0.178'72 3.76E-Ol-4o 90E-02 
7 0.1531~; l oY9E-01-6. <t7E-J2 
6 0.127b6 2.~9E-02-7.51E-02 
5 0.1(213 -3.tlllE-(2-1. OJE-01 
4 C.07bti0 -:>. lSE-02-1 • .lJt:-01 
J C.051'..!6 -4.o3E-J2-1. 4Jt:-Ol 
2 u.02553 -5.G2E-C3 0. 0 




TABLE IX (Continued) 
1 ;; 1 L 
" 
.:;; (.. 0 (l.'.l'.J042 
J y 
19 0.45957 o.o 4. 18E-C>l 
18 G.4J404 r, • () J. y:)E-01 
1 7 0.4iil151 o.c 3. 73£-(il 
16 C.Jd2'.iU 0. 0 J. ci-9i:-o1 
l 5 Q.3'J745 () • ri J. 2i+E-01 
l 4 l.ie3:H~1 (; . () 3. C':;E-Cl 
lJ 1).31.>hJu (' • r. J. fl'.it-01 
1 2 0.~b0tl5 0 • L) 4.5':.fE-fil 
l l J.2:'.>532 c.o 4. YoE-01 
10 c.22919 9. g 5 t:-1) l 5 • ~':IE-01 
9 o.~r4;,:5 1.11£ ... c-: '>• t;uE-01 
e 0.17tJ7.!. l.C<:;E+CC s. bt1E-01 
7 0.1:>31'::1 9o4UE-01 5. 6dE-Ol 
6 Q.1'.:'.7bn J.J.of..:.-01 s ... HH::-01 
s c.1e.:.1.:-i ~ • 7 2 E-C ::. 4. nJE-Cl 
'+ o.o7tibv loo1f-(J. 3• S9E-·H 
J c •• :>:>.1.0o .1..7)L.-01 ~. 12f.:-•.H 
2 c.02s:>J 1.46E-f.'1 7. b7f .. -'JL 





VELOCITY DATA FOR SWIRL VANE ANGLE cJ> = 45° {SIDE-WALL 
EXPANSION ANGLE a = 90° WITH CONTRACTION 
BLOCK AT L/D = 2] 
l 2 3 4 
;,. O.J '). 149J5 :) • 2 c; 34 5 0.44760 
j '( 
1 c; o.1..)7H, () • i) 2 .5 0 t~+Ol 3.60C+)1 6 • .JOE+O 1 
l lj 0. l 2 954 o. ;) z. 320::: t 01 4 .. Ot>:: + 01 6.26Et-Ol 
1 7 0 .• 121•.;.:. .') .o 2 •D 2° .. ~ t-1) 1 4e76Et-Ol 6. 26["t-O l 
16 l).11430 o.o J.48Lt-01 b. 4 'i E tO 1 6 • l BE tO l 
l '", (). l ;)6t_.t; () • 0 !'t.00'.:: +01 6. l "~E + 0 l 6 .. 22E+Ol 
1 4 0 • i) ') 9 11 ~-. J • 1 9 o2t>E+O 1 (::; • 92E>t- 1) l t:.22c+Ol 
l.J ') •. ) '} 144 j. () l. 1 _:jct 12 7. 6 oc: t-:ll 6.2tlEt-G 1 
12 0 .') :L3b 2 u .n 1 • 2 l ·: ... -12 b • l OE: HI 1 6 • 36F t 0 l 
l 1 o. )/6.21) o.o l.24i~t-02 .'..io40Eh11 6 .40E+n l 
l '.) 0.:)08::.>e 3a..'..4[:i-Ol 1.24:+-02 u. 6 Jr;'. t- 0 l t,. 58Et- o 1 
9 0. o:. 09t. Jo2UE.'Hll i.24r-:t-02 ll. 72"': ti) 1 C·o64Et-Ol 
ll o.) .:>3..:>4 .Jo22E+)l 1 • ~ 3 .:+-oz E3 .b,'C t-J 1 6.70Et-Ol 
7 0 • :) .:;. 51.:. J • :.:; 6 i: +() l 1 .. 20:~::+-)2 th 64::7+01 6.d{')F:t-01 
t) o.r)J810 J.7bE.:t01 lalc'>C::Hl2 1:3. 7'.)E+O l 6 .92E+O 1 
5 ').:Jj'.)4() b •. 7oE::tO l l.14f-0:+02 s. 4 c::= !· 01 b., BOEl·O l 
t+ I),;)..::'. .::'.o<:.> l •2 9L t·12 i.10<=:+02 b .1).:.tc t01 6 .. 5bf" + 0 1 
.J o. 11 52 4 t.45[~·02 i.::i2_+02 7 •.Jo E t-0 l 5.':i6E:.t-O 1 
·) 
c. O .. )') 7o2 l • ~ o:.: +Jc. Ye 1JO.:;: + ,)1 6. <!df= • I) 1 4. 72[• 01 
O _) :) 1 .~Ji:h);;.' 1 .2t~ ::::+-02 4. 5ot::: -1-n l t.:.361:.::+()l 






1 '} 0 • l 3 7 L tJ 
ld o.129:;c;:~ 
l 7 o. 12. l')._' 
lb '.).114.50 
lb o.t'16ou 
14 O. JY 90! 
lJ 0,.:),11'+4 
1 2 0 ,:) :'J 3b.C 
1 1 (),176..:.0 
10 0 .'1otl~:>6 
9 '1 e ')<) 0 ':16 
TABLE X (Continued) 
l 
o .. o 
o.o 
0 • l) 
1 .1 
0. ;) 
() ., 0 
i). 0 
:) .o 
!) • ;) 
">. 0 
l .c: 3t: +·) 1 







b.002t-00 2.36Lt01 l.5dEtOO 
r:.'..56!'.+00·7.18E+OO C<>tm::· 01 
1 • 0 S L + 0 0 1 • :) ;:_ E i- '.) l 2 • 2 0 E f- '.) 0 
· 5. 3<-~:: + ;)() • 1 • .Y:J::, t- ;) 1 ·3 • 1 7 Et 0 0 
·1"En.:+01 ·1 .. su::+01 4,.4nr:+oo 
·J.OO'~i-00 ·l.5SLt'.)l ·4.04Ei-OO 
l.5;!ri-00 · l• 5.>E'.+01 -4. JlEi-0() 
~).l4LcrOO i • .::10Etn1 4.321::+00 
c'.a(18'=:t<)O ·l .<::'.6F t:11-.1.99Et-00 
1.65-~t-OO · 1··13Ft->)l · j,9,~Ft-00 
l eOUE+OO 8e71LC:H)0 ·3.tUEt-00 
b o • ) J J _l 4 l • 0 4 ~ VJ l 4 • 5 t3 .. 'c - 01 · 7 • tl 7:': + 0 0 · 4 • :;; 3 E i- O 0 
7 o , J ·~ 5 7:..: 7 • 7 :, f: fl O <": •) '? · .. : t-0 0 t> ·• B 7r t 0 0 :.1 • 0 4 Et- O () 
b o.•).Jdl 0 o. 1:;~[r10 ~: .• :LL':t()'.) ·7.JlF:Hl'.l ·5.18E-t::J;:) 
'.:> '.),).:;,0'i0 ,:, .• l.:;,C-t-Ol·be7d.':t0'.),7.1T:'-t·0i) 7.46E::t-OO 
4 0.«)22cJt, :,,.1:Jct-C)l 1.12::.:+nl l.2'.::.Et!11 8.24E+OO 
.J O • ~) l 5 c.: 4 - .J • 4 l r~ t- :) l · 3. :) ;') ::: t .'.) 1 - 1 • '.:J :)::: t ;) l · 1 • 2 4 t:~ + O l 
~ Q,())7o'c'. 
'). f.J 
!'.>,,~1r.+n1 o .• n 
:; • 0 0 E t- ') l i} • '.) 
(b) Pitch Angle 
2.ecF+01 1.79~t-01 





19 0 .4~'i9S7 
1 cl I). L;.j40i• 
17 {),,4.J 8'..> l 
1 ti o .• 3d298 
15 0.3~.J11+~"· 
14 o.3J1Sl 
lJ l) • .J')63d 
1 2. o .. :uous 
1 1 f).2J5J.2 
1 () f) .2297-.;; 
"' 
0 ,JI~:') 4.:~ 5 
d 0.17872 















n .. n 
IJ. n 
0 • !) 
o.o 
0 • t) 
2 






1,. 2 6E · 02 
1 .4Y2 01 
2 .. 34;:: 01 
,).o ·2.a2.=:-01 
lo53C+00·2a96~-01 
l o ~' 7 t: +:) I) 3 •) l C I) 1 
1. 7tiEt;)O -z.39·: 01 
l~27Ft00 2e55~·0l 
3.2u~ 11 lo91E·Ol 
L•b5E-03·1.54C·Jl 
·f.i , ') l ": ··O 2. l •) 3 !: O 1 
• 9. ~}I)[:_ -() 2 ·:lo 61 r:;: • 02 
··5 .• '10[. ·02 si.01:::: ()j 




5 • 2'-iE·-0 l 
4. S1E-O l 
3o40E 01 
~'- .seE -01 
l • 91,.r: 01 
l • ;:!4 E 0 1 
e. 19C ·02 
5 • 61 E ·-0~~ 




3.t~ . .JC -n;~ 
6 .. q lE ··02 
IJ. l:35E 02 
l • .<.:4 E. ·<H 




2,.::,6E 0 1 
2 • ·7 2E ·O 1 
2. "79E ·O l 
2e87E 01 
2.90E<>l 
3" 0 OF ·. D 1 
.J.n<~E l11 
3 .. 04E 01 
3. 1 0 E ·0 1 
.3. 04E 01 
3.0 7 E 0 1 
3,.:J~L 0 1 
2,, Y4F 0 1 
~.b?E·Ol 
2 .. 64E·Ol 
2.7lE 01 
2 .. 6:'.>E·Ol 
2:o<.!4L·Ol 






19 I) ,,:+:::J'-JJ7 
lo o. !.J . .)i~()ci 
1 -, 0 • 4 :1 tL) 1 
1 0 i) • ~i t.) 2 ,, b 
1 ::.:; 0. 3:.:. 7 ·~ '· 
14 0 • :> -> l 'J l 
1 j o •. :. lt>J~.1 
12 ;).?.JOd~ 
l 1 ~·) -~ ~~ ~ :) ..J 2 
10 0.2,~<;)"79 
') \). ~~ ) 4 •. : 5 
0 •) ) 1 l d ( 2 
TABLE X (Continued) 




() , Cl 
,) • 0 
t) • () 
,) . '.) 
a• n 
i) ••• 0 
J. S.5E ···) l 







1 ,. 2 5 ' .. : () 1 3 ... 19£'>·· () 2 1 • ~) t;J':'.' !) 2 
.:i.;;:.;c: ·02 ·u.78L-02·-6.2YF: ·03 
11 33C.:- 02 · l• 160:: -0 l -2. J~F 02 
4~70C 02 lo40E 01 3.JcE 02 
· o • 4 8 :::.- 0 2 - l • 4 5 E - 0 1 ·- 4 • 7 g ::: · 0 2 
1,.46':·:)2. 1~4.J>"'··Ol 4 .• 54L 02 
l o'.l3::': )2 l .41E 0 l 5.00E ~)2 
;~.4·'E.·02-lo<!1'.::··01 ·5 .• lbf' 'J2 
2.33r~·02 1.,20F·Ol ·4a9.3E 02 
1 • 5 0 ;::_ .. 02 ·· l • ·12 E -0 1 ... 5 • 1 0 E ·C ::'. 
1 .. 01'::·0.2"c;.;~0c->::.! ·!::.1Jt: n2 
J ·• ~ 2 t.:: :J l 4 a 2 ~ i;: 0 .J l:S • 5 t3t. ;) ~ 6 • l 9 E O 2. 
7 ().l'>.Jt'.J ;~.'.181. <11 ·l.88·'':-02 ·7.tHC-0~'. ·6o".:<2E<>2 
0 0 . .1.:,.'.?c·G 4,4i)F···)2 J;o/311:: )2 d<>4'.::'.:-'>·0,; 7,:)2F. '12 
:, 0.11213 2.1J1t: o~ ~-'·a~,:..: 02 t1.2.::1c 02 9.;,·4r: ,)2 
4 Q,,)lbc.O -7.74t:·-'.'J2-~ .• 8tF::-J2-l.17t:':-~11·9,.49£.': ')2 
.J o.n~il·)(, ·:J.07F--•)2·9.::IBE .. ·02·-l·ldl'.·01 l .. 13F 01 
2 ·). :)...::5·)-.) -U.4 9F ·02 o., ·l .5tH.>·Ol -1 •. )oE-;)l 








19 :) • ~ .. 'jg~., ·7 
ld 0,-+.5404 
l 7 1).40851 
lo Cl • 3ci 2') d 
I.~ n. J.'> 7 .. ·:.::., 
l '· :).~>.Jl'.ll 
1 .J <) • j ) t>:.> ll 
12 o •. ~'.00d''> 
l l n • "~~ :.5 ~1 ~~ 
l I) 0 "'·'- -~ '-) 7 <j 
•) .. ).,'.)4.~5 
D !"J,lft:S72 
7 !) • l ) ..::l l C) 
0 () • l ..... '. 7 ("> 6 
~) 0 ' l ; ) 2 l .J 
,-. ') • ) l t ;") 
.J 0 > I J l )t:_, 
TABLE X (Continued) 
1 2. .3 4 






-'• 77 .. :-- 01 -'h Sb'.::-01 5. o;:::::: -n1 
3.'.:><~C: 01 4e54t:. 01 5.2':.JE 0 l 
.3.<~9:·')1 4.75E·Ol 5 • .Jd!::·Ol 
...'. • B !J : 0 l '~ • 7 5E · IJ l 5 , J !:E 0 1 
l .:,~.c: Ol E; .-/JE 0 1 5.~ lE 01 
0. () ~- 77_. '.)l 
o .. o J.:17 .. ·01 
O.O ~.dTC:·Cll 
0 .o 4,.1 L:.· Ol 
':i ,. b 8 t: 0 1 4 • 3 2. ,7, I) 1 
1. (J7Lt 10 4.41y: · Jl 
l • 1 l [ ti) 0 4. 4 o -~ !) 1 
t.1.4:JC )l 4.4::>..: 01 
2.SJL-Jl J.8~: 01 
:' ~2Jf,·\)2 ..}.4b .:: ;) 1 
9.tl""C --L.' ,:.7'.J-:C·Ol 
4. 13Ji:: -01 
4 .C)SF:···O l 
~. l ?F. -01 
~) .. J '•r:: . () l 
::. • C.2L il 1 
o. :J.JL ·01 
t:. • 1 YC · 0 1 
!> • 'f 7 E-0 l 
6 .. 55:...:.-')l 
tJ • 'j ?l:. 0 1 
::.> .2.JE: -f)l 
5.6oC-)1 
5 .. 9 lL 0 l 
6 • 12 E ;0 1 
6, .Jct: o i 
6.1oE 01 
7. 02 E --n 1 
7,.19F 01 
7.C.lf..·01 
l ~ 5 5!''" • 0 1 
f .• 5.:.;E 01 
5o:tbC·:)l 
Liolo>-i).d l.69c··•)l 4,.2u\C :,)1 4.'l.:!F·Ol 
2 o. 112 :>!..•3 c'. .:. 7 l. q 2 :;>. 7.J :::. •)2 .c. ':::idf: 1) 1 2 .4 ~'.E D l 
(e) 





VELOCITY DATA FOR SWIRL VANE ANGLE 
cf> = 70° [S:(DE.,...WALL EXPANSION ANGLE 
a = 90° WITH CONTRACTION 
BLOCK AT L/D = 1] 
_,,.....,_ 
I = l 2 
x = o.o 0 el 4935 
J 'I 
19 0.13716 o.o 5 .48E +01 
18 o. 12954 c. 0 6e04E+Ol 
17 0.12192 o.o f e 14E + 01 
16 o.11430 o.o 7.44E-t01 
15 o. 1 0668 o.o 8 .18E+01 
14 0.09906 o.o 8.76E+Ol 
13 0.09144 0 .o 9.18E+Ol 
12 0.08382 c. 0 9. 40E+Ol 
11 0.016~0 o.o Ci. 56E + 0 l 
l 0 0.06858 4.36E+O1 9 .40 E+O l 
9 a. 06096 3.86E+Ol 9. ;!8E+01 
a 0.05334 5.44E+Ol 9 • 34E + 0 1 
7 0.04572 c;.54E+Cl 9.3!:lE+Ol 
6 o.o.381 o t.16E+Clc 9 • !:2E+ 01 
5 0.03048 l .13E+02 9 .78Ei01 
4 o.022b6 t. 02E+ 0'1 1•04E+ 02 
J o.o 1524 9e72E+Ol l.16E+02 
2 0.00702 1.02E+02 1 .36E +02 
1 o.o t.20E+Oc 1.f3E+02 
(a) Yaw Angle 
00 
I-' 
TABLE ltl' (Continued}_ 
1 = 1 2 
x 
-
0 .o 0.14935 
J y 
J. 9 0.13716 o.o 5. S3E+CO 
16 0.129t.4 o.o 
-1•43E +00 
17 o.121si2 o.o -3.81E+OO 
16 0.11430 o.o 5. 45E ... 00 
15 0.10668 0 .o -7.llE+OO 
J. 4 o. 0990 6 o.o -7.S8E+OO 
13 0.09144 o.o - 7. E3E + 00 
12 o.os3ti2 o.o -7 .63E+OO 
J. l o. 0762 0 o.o -·t .30E+OO 
10 0.068~8 4 • 4 2 E + 0 O- 5 • 6 9E + 0 0 
9 0.06096 1 .46 E+00-5 • 10 E +00 
d 0.05334 -E.60E+OC·4.81E+OO 
7 0 .0457 2 -t.43E+Ol-5e35E+OO 
b 0.03810 -6.23E+00-6.16E+OO 
!l o. 03046 -f.92E+00-7.~4E+OO 
4 0 .02286 -1.s1E+o1-1.C5EfCl 
3 0.01524 -2.11E+Ol-le47E+Ol 
2 0.00762 -2.83E+O1- 1. 79E + 01 
1 o.o -4 e39E+Ol--1 .5BE+Ol 
(b) Pitch Angle 
OJ 
N 
TABLE XI (Continued) 
I ;;;; 1 2 
x ;;;: o.o 0 • 5C042 
J y 
19 o.45957 o.o 8.0lE-01 
18 o. 43404 o.o 6.29E-01 
17 o.4os51 o.o 4•70E-O1 
16 o.382.98 o.o 3.21E-01 
15 o.35745 o.o l.70E-Ol 
14 o.33191 o.o 5.02E-02 
13 o.30638 o.o -4 • OOE -02 
12 o. 28085 o.o -9.~6E-C2 
11 0 .25532 a .o -1•4 l E- 0 I 
10 0.22979 3.t4E+oc-1.osE-01 
9 0.20 425 2. 72E+O C-1. 02E-Ol 
a o.17872. 9.99E-Ol-9.12E-02 
7 o. 15319 -e.40E-C2 ·9.64-E-02 
0 Oel27b6 -3.79E-Ol-1.15E-01 
5 0 .1 0.21 3 -2 .68E-Ol-l .41E-Ol 
4 0.07660 -l.06E-Ol-l.S4E-Cl 
3 0.05106 -5.49E-0~-2.44E-Ol 
2 0.02553 -6.98E-02-3e06E-Ol 




TABLE XI (Continued) 
I ;; 1 2 
x = o.o o.~004.;; 
J y 
19 O. 45S5 7 c. 0 1 • 44 E-01 
18 o.43404 o.o -3 • l 7E-02 
17 0.4-0851 o.o -8 .16 E-02 
16 0.38298 o.o ·1.14E-Ol 
15 0.35745 0 .o -1.49E-01 
14 o. 331 91 o.o -1 .68E-Ol 
13 0.30638 o.o -l.75E-Ol 
12 0.28085 o.o -1 .aoE-o i 
11 0.25532 c.o '"1 • 59E- C 1 
10 0.22979 3.36E-Ct-1.~0E-Ot 
9 0.20425 8e85E-02-1.37E-OI 
8 0.17872 -2 • 6 OE- 0 1- 1 • 29 E·~ CI 
7 0.15319 -2.27E-Ol-t.36E-Ol 
6 0.12766 -9.38E-02-1.37E-01 
5 0.10213 -S.32E-O.i:-1.33E-Cl 
4 Oe•H6tJO -l .40E-O 1-1 .44E-Ol 
3 o.os106 -1.69E-Ol-la47E-Ol 
2 0.02553 -l.81E-OJ-l.37E-01 
1 o.o -1.52E-Ol-1 alOE-01 
(d) v/u CX> 0 
.p. 
TABLE .XI (Continued) 
' .. '' 
I - 1 2 
x = o.o o.soo42 
J '( 
19 o.45957 0 .o 1 .14E+OO 
18 o. 43404 o.o lellE+OO 
17 o. 408::> 1 o.o 1.l3E+OO 
16 0.38298 o.o l e l5E +00 
15 o.35745 o.o 1. t8E+OO 
14 o.J3191 o.o l • 20E +00 
13 o.3063 a o.o 1 .27 E+OO 
12 o. 28085 o.o t.34E+OO 
1 1 0.25532 o.o 1•44E +00 
.l 0 0.22979 2.99E+OO 1.50E+OO 
9 o.204L5 ~.17E+OC lef4E+CO 
!j o.11a12 le40E+OO l .53E+ 00 
7 o. L 5319 a.saE-01 t.45E+OO 
b 0.12766 7.70E-01 l .27E+OO 
5 0.10213 6.31E-Ol 1 .03E+OO 
4 o. 07600 e.06E-Cl 7 .54 E-01 
.J 0.05106 4.34E-01 5.04E-Ol 
2 o. 02 5b3 3 .28E-O 1 2 .95E-01 


























VELOCITY DATA FOR SWIRL VANE ANGLE ¢ = 70° 
[SIDE-WALL EXPANSION ANGLE a = 90° WITH 
CONTRACTION BLOCK AT L/D = 2] 
l = 1 2 3 4 
x :: 0 .o 0 .14935 0 .29 845 Ca4478C 
¥ 
0.13716 o.o 4•c;6E+01 7. teE+O 1 1. 1 OE+Ol 
0.12954 o.o 5 • 74EtO1 7 el 8E +O 1 7.lOE+Ol 
Oe121Y2 o.o ca46Et-Ol 7.30E+Ol 1·26E+Ol 
0 .11430 o.o 7 • 38E+O 1 7e40E+Ol 7a40E+Ol 
o.11Jb&8 o.o 8e16E+Ol 7.54E+Ol 7.44E+Ol 
o. u 9906 o.o a.eaE+o1 7.62E+Ol 7.58E+Ol 
0.09144 o.o 9.36E+Ol 7 .76Ef0 l 7.74E+Ol 
a.oaJd2 o.o 9.62E+Ol 7e90E+01 7 .88 E+O 1 
o.u76~o o.o o;; • 76E +O l 8.02E+Ol e. OOE+Ol 
0.06d38 4 .36Et0 1 9 .aoE +al 8al8E+01 e.1eE+o1 
o.Ob096 3. B4E+ 01 9. 80E+C1 8 • 4 OE+ 0 l 8a38E+Ol 
0.0!:.>3J4 e e24E+O 1 9 .aoE+ c i a. 7 2E+O 1 E.56E+Ol 
o. 04 572 S.38E+01 9.90E+Ol 8.98E+O1 8. 76E+O1 
o.o3tHu t. t 7E + 02 9 • S6E+ Cl 9. 36E+O 1 9. l 4E+Ol 
0.03048 le l 4 E +0 2 t .01Ei02 9.70E+Ol 9.88E+Ol 
o. 022~6 1 • 03E+ 02 1. 03E+<l2 1 e02E+02 1 .09 E+02 
0.01524 9.26E+Ol 1•05E + 02 l • 1OE+O2 le 29E+ 02 
0.00102 8.BOE+Ol lel2E+02 le23E+02 l a56E+02 
o. 0 9. OOE·H 1 1•33E-t 02 le54E+02 le84E+02 
(a) Yaw Angle 
00 
°' 
.I = 1 










TABLE XII (Continued) 
2 3 4 
0 .14935 0 .29845 C .447SO 










l / 0.12192 




12 0. 08 ::i82 
11 o.J76.:!0 
J. 0 o. 06858 
o.o -6.l6E+00-4.34E+00-5.43E+OO 
5e42E+00-5e44E+00-4.49E+00-6.32E+OO 
W o.J6096 2.5JE+OC-5.05E+00-5.78E+OO-t.70E+OO 
8 o.o5JJ4 -6.99E+00-5.08Et00-7.14E+00-8.llE+OO 
7 0.04572 -1.33E+01-5.47E+Oo-e.93E+00-1.06E+01 
6 o.03810 -6.38E+OO-e.4lE+00-1.17E+Ol-l.55E+Ol 
5 ~U3048 -7.35E+OC-8el0E+OO-l.56E+01-2.02E+Ol 
4 o.o~2b6 -1.51E+Ol-t.23E+C1-l.72E+01-2.93E•Ol 
3 0.01524 -2.26E+Ol-l .95Ei0l-2.46E+Ol-3.30E+Ol 
2 0.00702 -2.93E+Ol-3.00E+Ol-3.64E+01-3.65E•Ol 
l 0. I) - 3 .8 4E +0 1- 4•€4E+C1-4 • 9 lE+ 0 1- ::. 7 3E+ 01 
(b) Pitch Angle 
OJ 
-...J 
TABLE XII (Continued) 
I ::: 1 2 3 4 
x = 0 .o 0.50042 1.coooc t.50042 
J y 
19 0.4t>S57 o.o 8.<i4E-01 3.79E-01 3a98E-Ol 
.1 t> 0 .43404 o.o 6. 86E-01 3. 99E-O l 4. 09E-Ol 
11 o.~o85 l o.o s .oaE-01 3 .82E-O l 3.83E-Ol 
10 o.38298 o.o .3. 20E-Ol 3 • 66E-Ol 3.68E-Ol 
15 0 • .35745 o.o 1.65E-Ol 3 e47E-O l 3e66E-01 
14 a. 331Y1 o.o 2e39E-02 3e36E-01 3e45E-01 
l .J o • .:;06,.j8 o.o -7.65E-02 3e l 3E-O 1 3e l 6E-01 
12 0.2 ~085 o.o -1 .39E-O 1 2 e89E-O 1 2-:87E-Ol 
.l1 o. 25 5J2 o. 0 -1. 78E-01 2.60E-Ol 2e64E-Ol 
10 0.22979 3 • l 0 E + 0 0- 1 • S 4E - 0 1 2a21E-01 2e17E-Ol 
~ 0.20425 2.11E+oo-2.ooe-01 l a61E-Ol l e63E-O l 
8 o. 1787 2 le07E+cc-t.S9E-Ol 7al8E-02 le09E-Ol 
7 0.15al9 -5.94E-02-2a15E-01 4a74E-03 5a30f-02 
b Oal2766 -3.85E-Ol-2aC6E-Ot-7.44E-02-2.49E-02 
5 0.10213 -2.89E-Ot-2.00E-Ct-t.?OE-Ol-lel8E-Ol 
4 0.07660 -1.1aE-Ot-l.79E-Ot-t.c3E-Ol-t.72E-Ol 
:; 0.05106 -l.91E-02-le48E-Ol-1 .89E-Ol-2.72E-Ol 
2 o. 0 25~3 l.24E-Cc-la27E-Ct-1.S5E-Ol-3el8E-01 





TABLE XII (Continued) 
I -= 1 2 3 4 
x ;: 0 .o 0 .50042 1.00000 l a500 42 
J '( 
lY o.4:;;;957 C.O a.93E-02 6.70E-02 €.74E-02 
18 o.rt.3404 O.O -5.36E-02-2.46E-02 l•90E-02 
17 o. 40 851 o.o -9.55E-02-4.€6E-02-5.25E-03 


















o • .:>31~1 
o. :> 003 a 
o.2aou5 







0. 0 7 tit:J 0 
0.05106 








o.o -1 .45E-Ol-l ~16E-Ol-l.44E-Ol 
4e06E-Ol-le33E-Ol-1·22E-Ot-l.69E-Ol 
1 .53E-O l-1 .27E-01-1 .56E-O l-1.77E-Ol 
-2.15E-Ot-t.27E-Ot-l.84E-Ol-2.02E-Ol 
-2.12E-Ol-t.JlE-Ol-2.13E-Ol-2.38E-Ol 





-1 • 76 E-0 1- l e93E-O 1-2 .7 1 E-0 l -2 .• 49 E-0 l 
00 
l.O 
TABLE XII (Continued) 
I ; 1 2 3 4 
x 
-
o.o 0 .5004 2 1.00000. 1.soo 42 
J '( 
l~ o .... t>9::>7 o.o 1.0SE+OO lelSE+OCl l. t6E+OO 
lb o. 43 404 c. 0 le07E+OO 1.2.E+OCJ l .t 9E+OO 
17 u.~Od:;;,1 o.o 1. 07E+OO 1e25E+O 0 1. 22E+ 00 
l t> o. j 8298 o.o 1 e lO E+OO l e28E iOO l e28f+OO 
1 ti 0.35745 o.o l.12E+OO l e33E+OO 1-31 E+OO 
14 0.33191 o.o le14E+OO 1 .37E+OO 1.36E+OO 
l.i o. ,,j 063 8 c.o 1 .22 E+OO 1e42E+OO l •42E+OO 
.12 u. 28 Ob5 o.o 1. 28E +00 1.49E+OO t.45E+OO 
11 0.25532 o.o 1 .33 E+OO 1 .soE+OO le50E+OO 
!O 0.22979 2.95E+OC le38E+OO le53E+OO l e51 E+OO 
9 0.204~5 2.15£+00 l e42E .. oo t. 53E+ 00 t. 50E+ 00 
u o.11t>12 l e39E+OO 1 .42E+OO le47E+OO le41E+OO 
7 o.1:>J19 e. 94E-O 1 le:!6E+OC 1.3tE+OO t.27E+OO 
0 0.12706 7.70E-01 1 .22EHlO 1 • l 8E +O 0 l.02E+OO 
5 0.10213 c.62E-01 le03E+OO 9.74E-Ol 7.t:.5E-Ol 
~ o.o7ow0 5 • l 2E- 0 l 7 • S9E-C l 7.42E-01 5.00E-01 
3 u.u:>tu6 4.22E-Ol 5.39E-O1 s.1aE-01 3.36E-Ol 
2 o.o~55.3 3. 54E-01 3 .19E-Ol 2.96E-Ol l .44 E-01 














CHARACTERISTICS OF FLOWFIELDS IN TERMS OF THE 
EFFECTS OF SWIRL VANE Al~GLE FOR SIDE-WALL 
EXPANSION ANGLE a= 90° 
u. CTRZ CRZ in 
(m/sec) Red (x/D) (x/D) 
15.7 150,000 2.1 
10.5 100,000 1. 6 
12.6 120,000 1. 5 
8.84 84,000 1.3 





























SAMPLE ALPHANUMERIC HEADINGS 
COMPUTED MASS FLOW RATE 




TOTAL VELOCITY MAGNITUDE 
DIMENSIONLESS U VELOCITY 
DIMENSIONLESS V VELOCITY 
DIMENSIONLESS W VELOCITY 
DIMENSIONLESS TOTAL VELOCITY 
PROBE PITCH ANGLE <DEG.) 
PROBE YAW ANGLE <DEG.> 
PCNORTH> - PCSOUTH) <VOLTS> 
PCCENTER> - P<WEST> <VOLTS) 
MEAS. INLET MASS FLOW RATE 
MEAS. INLET AXIAL VELOCITY 
MEAS, INLET DYNAMIC PRESSURE 
MEAS. PITCH PRESSURE COEFF. 


























SAMPLE CALIBRATION DATA 
..•• ··.1· ··:1;:. 
• •• J ....... 1, •• 1 
.... 2 ~ B:I. 
.... 2 ·) 2:·5 
-- :1. ·> "?:~ 
-:! .• 31 
·-l. 00 
- v ?~:) 
- v ~:5;,_".i 
.... + .4·7 
·- v :3~::; 
., O'? 
-;! (:) 
,. ,,; 1,._1 
~ ~:5 ::;2 
.... ,:Sa:~) 
:t. <- 0() 
:I. • :~.~3 
l ~ B:·:~ 
2 ~ 2-4 
3.4 
4 ~.:'i • 
·:".~.(). 
··11::· 
••• J ... ) ~ 
:3 () • 
20., 
:I. '.'.'.i • 
:!.()., 
0-:. 
.... ~:5 v 
····10" 
··-:I. '.'5 • 
··-20 ·:-




.. -~5() + 
:I. • 3'.'5 
:L • :l 9 
:I.., :I. :I. 
.,?:!. 
-> t: ~=;j 
.,EB 
DCj 
·:· ..... • i 
:I. • () .. :·i. 
:L. :l () 
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TABLE XVI 
















1 () ~5 ~:.; () 
:t 0 ~.=.=; <:) 0 







J r· .< i::· ,.1 
. . ) ~.) 0nJ ~ ..... 
:t oc: .. so 
1 o,:) ?O 
1 0 t.'; i;iO 
1 0 .-:i (?O 
l () -.:.:·' 0 0 
:LO'?:l.O 








+ ... 1 
:I. " :.~ 
:I. ) '.'5 
:L ., i:l 
2. :I. 
I") ... ) 
~ + .•• , 
2 y ·7 
3.0 
-7 ·-x 
~::i -:- .. :,1 
... r .<'. 
•,..' ~ \J 
".'( Cl 




~.'i • :!. 
() . () 
+9 
L2 
:I. • '.'5 




..:... ·> .. -
'.3 v 0 
,; '') 
··y '°' ... ._ 
-4 ~ ~:) 
4.!3 
1'.'i ,, :L 
i o~~'::3() ... ,/ 
END DF' Dt1T(1 
~!~5 :I. + ::j 
:2~5~3 ~ () 
'"i .l ·"") L. 
,,· ...... , ... ~ ........ , 
·~1 .<'. (i ·") 




.t.~. ''T '··-' .; .·.'-
243 ·> 0 
2-4:1.~.:!) 
~.2 4 :.:~ ~ 0 
:.:}08. a:S 
:·:~ 2 !_:5 <t 4 




·i '·-' ... ; • ...l 
.... ·:- <> () ·7 




·-·. '7' :I.? 




(•1 "7 (;) 




~ (:1 :·:) ~.:.:_; 
·: o~·:::;B 
..... 01~2 
, 02 :L 
? () :L 0 
·:· 20~:3 
2 ·:· ..:":~ ~:) 0 
4.30G 
::~; y 9 ~:.:; :·3 
:·~: (o 25~5 
• 0 :I.:;~ 
.OO'? 
v ()!5 :L 
v :J. ::5 () 
·> ::.:.::I.,;) 
··.::· "X .:::i 
"" , . .' ~ .. · ~ .. • 
...., ./' .. ., 





















SAMPLE AUXILIARY GEOMETRIC QUANTITY OUTPUT 
9.000E+Ol 
7.461E-02 
C0~8uSTO~ kADIUSiMI = le492E-C1 
LAMI~A~ VISCOSfTYtKG/M/SEC) = 1. 600 E-05 
l 
c • ') 
.!. 
2 









;"I E AS • l N L ET fit AS S FLO w RA TE 
COMPUTED ~ASS FLO~ RATE 
'\EAS. HJLET AXIAL ltEi..OCITY 




(a). Typical Axisymmetric Combustion Chamber of a 
Gas Turbine Engine 
) 
) 
(b). Simplified Test Section 
Figure 1. Typical Axisynunetric Gas Turbine Combustion Chamber 
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Figure 2. Schematic of Overall Flow Facility 
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Figure 3 • Dynamic Pressure Conversion Characteristic 
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Figure 5 Apparatus for Mean Velocity Measurements 
Notation 
1. Pitot static probe 
2. Swirler 
3. Expansion block 
4. Five-hole pitot probe 
5. Switching valve 
6. Pressure transformer 
7. Contraction block 
8. Voltmeter 








~Probe Shaft Axis 
Section 
, 
Velocity Components and Flow Direction Angles 
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Figure 8. Calibration Apparatus 
Probe bra-
cket 
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0 • Present data 30 '0 AO~ .... 0 Reference data (5) 
"f;j 
'° 0 - CJ jQ j) A~ 
ll 
(1 Cl 
-30 .... Cl 
-60 I I I I t 
-1_5 -1.0 -0.5 0 0.5 l.O 1.5 
(PN - Ps)/(Pc - Pw) 
(a) Pitch Angle Calibration Characteristic 
2.0 AO A Present data 
1.6 
j 0 Reference data (5) 
'0 0 
A A 
0 0 PW) ~ • 1.2 ~ '' •o 0 0 ' '0 Oo~~~~ ''~~o 0.8 00 
-60 -30 0 30 
PITCH ANGLE 8 (DEG.) 
(b) Velocity Coefficient Calibration Characteristic 









0.25 (' j Red = 90,000 
0 Red ll0,000 
!iii 
• Red 125,000 0 
-0.4 0 0.4 u I Uo 0.8 




Re = 90,000 <l 
• 0 .l 
d 
•o, 0 Re = 110,000 0.25 - d \-• Re = 125,000 d 
Cl 
• Cl 
• 0 • Cl I 1' .. 
0 0.25 0.50 
W/Uo 
(b) Swirl Velocity 
Figure 11. Flowfield Independence of Reynolds Number for 
Side-Wall Expansion. Angle a = 90° and 
Swirl Vane Angle ¢ = 45° at Axial Station 
x/D = 0.5. 
uo 
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(b) Swirl Vane Angle ~ • 38° 
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(b)w/uo 
(c) Swirl Vane Angle ¢ = 45° 






















(d) 1swirl Vane Angle ¢ = 60° 





0.50. \ r/o :~ 





(e) Swirl Vane Angle ¢ = 70° 





0.50 O .. I x /D 
r/o v ----- 2 0.25 ~, ,.. 'fl:, .,.--I - I -
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r/o 0.50 v I I I I I 
0.25 
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0 0,5 1 (b)w/u 0 
(a) Swirl Vane Angle $ = 0° 
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0 0,5 1 
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.t<- ~---· ·--------'"""~----------------·~--...... --~ ________________ ...___, __________________ ..._ ________ ~ 
(b) Swirl Vane Angle ¢ = 38° 
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(b)w/u 0 
(c) Swirl Vane Angle <P = 45° 
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( b) w/uo 
(d) Swirl Vane Angle cp = 60° 










(e) Swirl Vane Angle ¢ = 70° 
Figure 13 (Continued) 
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(a) L/D = 1. 0 
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(a) u/u 0 
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(a) L/D = 1. 0 
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'~ 1"' I 
0.3 
(a) Axial Velocity 
Red = 134.000 
Red = 142.000 
Red = 134,000 
t:,, Red = 142.000 
U I Uo 0.6 
~ 0----~--~----'-----------0 0.4 
w I Uo 
(b) Swirl Velocity 
Figure 17. Repeatability of Five-Hole Pitot Probe 
Measurement for Side-Wall Expansion Angle 
a = 90° and Swirl Vane Angle ¢ = 45° with 
Contraction Block at L/D = 2.0 at x/D = 1.0 
08 
0 r/~.50 I x/D 
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0.5 _1;2:- Vortex Core 
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Figure 21. Artistic Impressions of Dividing Streamline without 
ConEraction Block for Side-Wall Exnansion An~le 
a. = 90° and Swirl Vane Angle: (a) _g,= 0° (b) _g, =45° 
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USER'S GUIDE TO FIVE-HOLE PITOT PROBE DATA 
REDUCTION COMPUTER PROGRAM 
135 
A FORTRAN computer program to reduce five-hole pitot probe :measure-
ment data was written by Rhode (5). The data reduction program consists 
of one main subprogram, two functions- and five subrouti:nes·. A cuoic 
spline interpolation technique is employed to interpolate calibration 
data. This user's guide emphasi.2e& the basic matliematical concepts 
together with analytical and numerical metfiods· employed in this program. 
For user's convenience, sample inp1H and output are given. The flow 
chart of this program is shown in Figure 24. 
1. MAIN Suoprogram 
MAIN characterizes: tlie particular conditions oeing irtvestigated. 
Entire solution procedure is controlled by :MAIN. So, it is the section 
of the program to whi'ch a user will devote most of his attention. It is 
divided into four chaptersc, each- with a specific task, and a description 
of the individual chapters of MAIN now follows. 
CO Preliminaries 
Di.mens.ion and common are followed by input logical parameters, 
which_actiyate,when specified as TRUE., certain special features of 
program. IWRITE writes solutions onto allocated disK storage and 
DIAGNs· activates diagnostic write statements. s-ome geometric parameters 
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are s.pecified as user input values.. Input read statement .for alJ?ha.,-
numeric headings is given. Initialization of all variables to be zero 
by calling subroutine INIT is~ followed by two input read statements., 
which. read calibration and raw-measurement data. 
Cl Data Reduction 
This is a main part to red:G.ce raw·measurement data. Data 
reduction consists of a cubic spline interpolation of cali:&ration 
data and calculations of u, v and w·-velocity· components-. A pitch 
coefficient is· calculate-0 by- (pN.,. P5J/(}'C - PWI. With the calculated 
pitch coefficient, a pitch.angle 6 is ootained from the corresponding 
calibration characteris.tic by· calling function SPLINE. The correspond-
ing velocity coefficient C for tlie resulting pitch angle o is also 
obtained by calling function SPLINE. once aga:Ln. 
IDID is a parameter to define caliration ranges-. If pitch angle 
o or velocity coefficient C" is- out of the caliDration range l-3.759 .:::._ 
(PN - p s}/(.Pc - PW)_~ 3,399', I ol .s.. 58l. respectively, the correspo.nd-
ing value is. taken to be zero wi'th IDID = 0. 
With the aliove obtained information, three velocity components and 
magnitude of the total velocity· vector are calculated from 
v I l (.P p c P 1 . cJ 1/2 w (A-3.1)_ 
u = V cos:· o cos 13 (A3. 2) 
v = V sin o (A3. 3) 
w = V cos o s~n 6. (A3.4) 
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C2 Auxiliary Calculations. 
This- part consis·t o.f calculations· of geometric quantities and 
nondimensionizations of velocities. A mass flow rate and axial flux 
of angular momentum are calculated by a finite difference integration 
method as. following~ 
and 
mass: flow· rate z u ,_6A ~ 
i l l 
axial flux of ang.ular ~momentum = 
Mean axial -velocity is. calculated oy 
mean axial velocity = Z u. __ 6 A./ A 
l. l 
L: p 2 6 
.. u.w.r .. r .. 
l l.ll l. 
(A3.5) 
(A3. 6) 
A nozzle inlet axial velocity is obtained from the conversion of 
the measured dynamic s·tatic pressure (inch H20) at the nozzle throat 
into the corresponding velocity (m/sec). All velocities are nondimen-
sionized by the nozzle inlet axial velocity. 
C3 Ouput 
All reduced data are printed out according to a standard format 
by calling subroutines 1-JRITE and PRINT. 
2. INIT Subroutine 
In this s.ubroutine, all variables are initialized to be zero 
even though. some are set to obviously nonzero values. All variables 
in the subprogram MAIN communicate with those in the suoroutine INIT 
througli common statements. 
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3. SPLINE Function 
A cubic apline data fi_tting technique (25)_ is employed to inter-
polate pitch angle cS and velocity coefficient C from the corresponding 
calibration characteristics·. For a certain x value, which li.es. hetween 
the points <Xi. Yi) and (Xi+l' Yf+l)_, a cuoic polynomial equation can be 
written hy 
y 3 - - . -·2 . a1 .. (X.,. JCl + b.._(X.,. X_)_ + c_(X...,. X.J + d. 
L 1 1 L 1 1 (A3. 7) 











Y. - Y. 1 l i-
h. 1 i- (A3. 8) 
(A3.9) 
During tlie foregoing procedures·, tne coefficients are als:o reduced 
a .. = cs-i+l ~- SJ/[6h.J l. l. l (A3.10) 
'D-. = S./2 (A3 .11) 
l l 
Yi+l ..... Yi 2h ._ s. + hiSi+l 
c.: l l. = 






The equation (A3. 8 )_ forms- (i:i ..,.. 2) equa tfons far n unknowns. Two 
more. equations needed to solve n unknowns· are obtained when the conditions 
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pertaining to the end intervals: are specified. Linear extrapolation 
techni_ques. is- employed to ootain tfie end point conditions-· The 
relations for end conditions of the whole curve are at the left end: 
and the right end: 
s = 
n 
(h1 , + h2) · 3 2 - h1s 3 
h2 




With the above mathematic concept in mind, one can follow the calc-
ulation steps employed in this program. Two calibration and raw 
measurement data in MAIN communicate with those in SPLINE 
through parameters X, FX and Xl.A Parameter A is an array for the 
coefficients of n simultaneous cubic polynomial equations. The (n-2) 
by (n-2) components of an array A are built by calling the subroutine 
ABUILD. The end point components A(l,J) and A(N,J) are built in 
the function SPLINE. The Gauss-Jordan elimination method is employed 
to solve (n-2) equations for (n-2) unknowns simultaneously. These 
solutions are translated back to the SPLINE by a parameter A. 
With the obtained solutions, the coefficient of a cubic poly-
nomial equation are calculated by equations (A3.10) through (A3.13). 
Finally, an interpolation is achieved by substituting the known 
coefficient values into the equation (A3.7). An interpolated value 
is translated back to the HAIN through a variable SPLINE. 
4. H Function 
This function calculates the interval !ix.. between the points 
l 
5. ABUILD Subroutine 
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This routine builds an (n-2) by (n-2) array for the coefficients 
of a cubi polynomial equation, This forms a tridiagonal matrix with 





a. 2(h. 1 + h.) i,i i- l 
a. ·+1 h. l,l l 
and Yi+l - Y. Y. - Y. 1 6( l l l- ) 
ai,n+l = h. h. 1 l i-
6. GAUSS Subroutine 
This routine solves (n-2) equations simultaneously with a Gauss-
Jordan elimination method. Solutions are stored in the a. +l' 1,n 
7. PRINT and WRITE Subroutines 
The tasks of subroutines PRINT and WRITE are to pritn out the 
values of a 2-D array PHI, together with associated heading HEAD, the 
last parameter of the call list. The only difference between PRINT 
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and WRITE is that WRITE is used to print out one line and PRINT is 
used to print out multiple lines at a time. The first two parameters 
of the call list, ISTART and JSTART, are usually 1 and 1, so that all 
internal and external values are printed to help diagnostics. 
8, Sample Input 
Alphanumeric headings, calibration data and raw measurement data 
are read by input read statements. Sample input data are given for the 
sample case of side-wall expansion angle a = 90 degrees, swirl vane 
angle ~ ~ 45 degrees and contraction nozzle located L/D = 1. 
(a) Alphanumeric headings: These alphanumeric headings are used 
to accompany the output descriptively. Nineteen lines of such headings 
are read in via the first read statement. The current alphanumeric 
headings are given in Table XIV. 
(b) Calibration Data: Calibrations are done for pitch angle and 
velocity coefficient characteristics. Calibration input data consist 
of pitch coefficient (PN - P8)/(PC - PW) and velocity coefficient 
2 pV /[2 (PC - PW)] for 24 different pitch angles 6. Sample calibration 
input data are tabulated in Table XV. This table consists of pitch 
coefficient in the first column, corresponding pitch angle in the 
second and corresponding velocity coefficient in the third. 
(c) Measurement Data: Sample raw measurement data are given for 
two axial stations in Table XVI. Nineteen radial traverse measurement 
data are taken at each axial station. For each axial station, axial 
distance (inch), maximum number of radial positions and dynamic 
pressure (in H20) are read as shown in lines 10380 and 10580 of Table 
XVI. Lines 10390 to 10570 are measurement data for the axial station 
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x/D = 0,0 and lines 10590 to 10770 are for the axial station x/D = 
0,5. The ~nput measurement data consists of four column input data; 
the first is for radial measurement point (inch), the second for 
measured flow angle (360.0 - S degree), the third for PN - PS (volt) 
and the fourth for PC - PW (volt). 
9, Sample Output 
Typical output consists of yaw angle, pitch angle and three 
velocity components. The corresponding output for the sample input 
data just described is given in Table VI, as described earlier in 
$ection 4,1 In this table, I and J denote the axial and radial station 
number, respectively. Also X and Y denote the normalized axial and 
radial station by the test section diameter, respectively. Yaw angle 
S and pitch angle o are given in degrees. These velocity components 
are values normalized by the nozzle inlet axial velocity deduced 
from the pitot static pressure probe located upstream of the inlet 
to the test section, as described in Section 2.1. 
As auxiliary output, geometric specifications and quantities are 
printed out in front of the typical output. Geometric specifications 
include expansion angle (degree). Swirl vane angle (degree), inlet 
radius (m) and combustor radius (m). On the other hand, flow 
quantities include mass flow rate (kg/s), nozzle inlet axial velocity 
Cm/s), mean axial velocity (m/s) and axial flux of angular momentum 
(N.m). In each of these items, data relevant to each axial station are 
presented - these may be different with different axial stations and 
depend on the particular run conditions at the time of each tranverse. 
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C -------- SET IWRITE=.TRUE. FOR WRITING SOLN. ON DISK STORASE 
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C -------- SET DIAGNS=.TRUE. TO ACTIVATE DIANOSTIC WRITE STATEMENT 
C -------- NSTATN IS NO. OF AXIAL STATIONS FOR WHICH DATA IS 
C SUPPLIED 
C -------- MAXJPT IS MAX, NO. OF RADIAL POSITIONS FOR ALL AXIAL 
C STATIONS 
C -------- CPITCH IS CALIBRATION PITCH COEFF. 
C -------- CDELTA IS CALIBRATION PITCH ANGLECDEG.> 
C -------- CVELCF IS CALIBRATION VELOCITY COEFF. 
C -------- NCAL IS NO. OF CALIBRATION POINTS 
C -------- XINCHS IS AXIAL POSITIONCIN.> OF EACH PARTICULAR RADIAL 
C TRAVERSE 
C -------- NDATA IS NO. OF RADIAL LOCATIONS FOR WHICH DATA IS 
C SUPPLIED FOR EACH PARTICULAR RADIAL TRAVERSE 
C -------- RDNPRS IS MEASURED DYNAMIC PRESSURE ENTERING THE 
C SWIRLER 
C -------- RBETA IS MEASURED FLOW ANGLECDEG.l WHERE YAW 
C ANGLE BETA = 360.0 - RBETA 
C -------- RDNPRS IS MEASURED VOLTS FOR PNORTH - PSOUTH 
C DIFF. PRESSURE 
C --------RPCMPW IS MEASUF~ED VOL TS FOR F'CENTER - F'WEST 
C DIFF. PRESSURE 
C -------- PICHCF IS REDUCED VALUE FOR PITCH COEFF, 
C --------DELTA IS REDUCED VALUE FOR PITCH ANGLECDEG.) 
C -------- VELCF IS REDUCED VALUE FOR VELOCITY COEFF. 
C --------BETA IS REDUCED VALUE FOR PROBE YAW ANGLE<DEG.) 
C -------- VTOTAL IS TOTAL VECTOR VELOCITY MAGNITUDECM/SEC) 
C -------- U IS AXIAL VELOCITY CM/SEC> 
C -------- V IS RADIAL VELOCITY CM/SEC> 
C -------- W IS SWIRL VELOCITYCM/SEC> 
C -------- VTSTAR IS DIMENSIONLESS TOTAL VELOCITY 
C -------- USTAR IS DIMENSIONLESS AXIAL VELOCITY 
C -------- VSTAR IS DIMENSIONLESS RADIAL VELOCITY 
C -------- WSTAR IS DIMENSIONLESS SWIRL VELOCITY 
















205 FOF:Mi''tT ( 9A4 l 
C---------INITIALIZE VARIABLES TO ZERO 
C1'."tLL INIT 
C---------READ FIVE-HOLE F'ITOT CALIBRATION DATA 
NCAL=25 




IFCDIAGNSl WRITEC6,400l CCPITCHCil•I=1•25> 
IFCDIAGNS) WRITE<6•400l <CDELTACI>•I=1•25) 
IF<DIAGNS> WRITEC6,400l <CVELCFCI>•I=1•25> 
400 FORMATC///,1X113<F8.4•1X>,//,5X,12CF8.4ll 
C---------READ RAW MEASURED DATA TO BE REDUCED 
DO 30 I=1•NSTATN 
READ<51230l XINCHS<Il•NDATACI>,RDNPRSCI> 
JF'TS=NDATA<I> 




C---------CONVERT X AND R FROM INCHES TO METERS 










IFCDIAGNS> WRITE<6•470l <NDATA<I>•I=1,NSTATNl 
IF<DIAGNSl WRITEC6,450l CX<Il•I=1,NSTATN> 
IFCDIAGNSl WRITEC61500l <RCJ),J=1,JF'TS> 
DO 37 I=1,NSTATN 
IFCDIAGNS> WRITEC6,500l CRBETACI,Jl,J=1,JF'TS> 
IFCDIAGNS> WRITEC61500l (RF'NMF'SCI,Jl,J=l•JPTS> 




CHAPTER 1 1 1 1 1 DATA REDUCTION 1 1 1 1 1 1 
c 
470 FORMATC///,40X,1CI8,1Xll 
C---------CALC PICHCF AND INTERPOLATE FOR DELTA FROM C--------- PITOT CALIBRATION CURVE 
IDID,=O 
DO 50 I=1•NSTATN 
JPTS~~WATA< I) 
DO 40 J==1,JF'TS 
IF<CRF'CMF'WCI•Jl .EQ, O.Ol .AND. CRF'NMPS<I•J> -,EQ, Q,0)) 
t GO TO 38 
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PICHCFC [ 0 J1~RPNMPSCI,Jl/CRPCMPWCI,Jl+l.E-6) 
ff((PICHCF\J:,,Jl,GT.3.399) .QR, CPICHCFCI,Jl,LT.-3.759)) 
"' GD TO ::i;s 
IFCIDID ,EQ, 01 DELTA<I•J>=SPLINECCPITCHr 
t CDELTA.NCAL,PICHCFCI,Jll 
IFCIDID .GT, O> DELTACI,Jl=SPCCPITCH,CDELTAr 
t NCAL1PICHCFIIrJll 
ID ID== 1 
GO HI 40 
38 CONTINUE 
DEi_ TA< I, J) '-'O, 0 
l1Jf<ITEC6r8'.30) 1,J 
850 FORMATC20X1'PICHCF IS OUT OF RANGE OF CALIBRATION AT I= 
i'•I3•' AND J,=• •I3l 
40 CONTINUE 
50 CONTINUE 
C---------INTERPOLATE FOR VELCF FROM PITOT CALIBRATION DATA 
IDID"''O 
DO 80 I=l•NSTATN 
J1::.-rs'"'i'HIATt1 (I) 
DO 7() J:::1,JPTS 
IF((RPCMPWCirJ) ,EQ, 0,0) .AND, CRPNMPSCirJ) ,EQ, O.Oll 
1 GO TO 65 
IFCtABS<DELTACirJl)) .GT, 58,0) GO TO 65 
IF<IDID .EQ, 0) VELCFCirJl=SPLINECCDELTAr 
tCVELCF,NCALrDELTACI,J)) 
IFCIDID .GT, 0) VELCFCI,J)=SPCCDELTA,CVELCF, 
iNCAL•DELTACirJ)) 
ID ID>= 1 
GO TO 70 
65 CONTINUE 
l)ELCF< I .J>=O.O 
WRITEC6,890) I.J 
890 FORMATC20X,'DELTA IS OUT OF RANGE OF CALIBRATION DATA 
iAT I='•I3•' AND J='•I3> 
70 CONTINUE 
80 CONTINUE 
DD 8~:i I=l,NSTATN 
IFCDIAGNSl WRITE!6,500> CPICHCFCI,Jl,J=l,JPTS> 
IF<DIAGNSl WRITE(6,500l CDELTA(I,J>,J=l,JPTS> 
IF<DIAGNS) WRITEC6,500) CVELCF<I•J>rJ=lrJPTSl 
85 CONTINUE 
C---------CALC MAGNITUDE OF TOTAL MEAN VELOCITY VECTOR AND 
C--------- u, Vr & W COMPONENTS 
RHO=PATM*<136.0/0,102l/C287.0*CTATM+273.0)) 
r'I=3.14l.59 
DO 100 I=l,NSTATN 
JF' H:l""NDAT A ( I ) 
DD 9i) J= 1, JPTS 
BETAtI,Jl=360.-RBETACI,J) 
IF< rnF'Ci'1F'LJ(I.Jl .ECLO.Ol .AND, CRPNMPSCI.J> .EQ,Q,0)) 
l BETACI,Jl=O.O 
VTOTALCI1Jl=SQRT(ABSC2,0/RHO*VELCFCI,J>*RPCMPWCI,J>*133.9)) 
UC!,J)=VTOTALCI,J> * COSCDELTACirJ>*PI/180.0> * 
t COS<BETACI,Jl*PI/180,0> 
V!I,J>=VTOTALCI,Jl * SIN<DELTACirJl*PI/180.0l 





CONT I NlJE 










2 ~ 2 AUXILIARY CALCULATIONS 
DO 130 I=lrNSTATN 
C---------CALC GEOMETRIC QUANTITIES 
JPTS=NDATA!II 









DO 115 J=!,JPTS 
SNS(Jl=0.5*<DYNP<JltDYPSCJll 
115 CONTINUE 
IFCDIAGNS> WRITEC61500) <DYNP<Jl,J=l1JPTS> 
IFCDIAGNS> WRITEC61500) CSNS(J),J=i•JPTSJ 
FLOW=O.O 
WMOM=O.O 
DO 120 J=1,JPTS 
WMOM=WMOMtRHO*R<J>**2*SNSCJl*UCI,Jl*W<I,Jl 
FLOW=FLOW+2,*PI*R<Jl*SNSCJl*U<I,Jl 







IF<DIAGNS> WRITE<6•450> CUMEAN<I>•I=i•NBTATNl 
IFCDIAGNSI WRITE<6•450l <MASSCil1I=l1NSTATNl 
C----------NONDIMENSIONALIZE VELOCITIES 
c 












DO 160 J=i•MAXJPT 
RNDCJ)=RCJ)/(2,0*RLARGEl 
160 CONTINUE 
CHAPTER 3 3 3 
c 
3 OUTPUT 3 3 3 3 3 3 3 
c 








































311 FORMATC1H1•T37,'AXISYMMETRIC,ISOTHERMAL• GT COMBUSTOR 
I FLOWFIELD MEASUREMENTS',//,T53,'USING A FIVE-HOLE 
I PITOT PROBE') 
325 FORMATC////,T4Q,'EXPANSION ANGLE<DEG.l ='•T77,1PE13.3) 
330 FORMATC//,T40•'SWIRL VANE ANGLECDEG.l ='•T77•1PE13.3) 
335 FORMAT C//,T40,'INLET RADIUSCM> ='•T77.1PE13.3l 
340 FORMAT(//,T40,'COMBUSTOR RADIUSCMl ='•T77•1PE13.3) 
355 FORMATC//,T40,'LAMINAR VISCOSITYCKG/M/SEC> ='•T77,1PE13.3) 











































FUNCTION SPLINECX, FX, N• Xi> 
C**************************************************************** C CUBIC SPLINE CURVE FITTING IN 2 DIMENSIONAL DATA PLANE 
C INPUT VALUES : 




NUMBER OF DA~R POINTS IN x, MAX 26 
POINT O~ INTER~ST, WHERE F<X1) IS TO BE FUUND 
RETURN VALUS ; 
SPLINE OR SP ~ F<XIJ 










FOR INTERPOLATION OF A LARGE NUMBER OF DATA POINTS, FUNCTION 
SPLINE MAY BE CALLED ONLY ONCE , AND SUBSEQUENT CALLS MAY US 
C ENTRY POINT SP, 
C**************************************************************** DIMENSION X(l), FXC1), AC26•27) 
C---------CONSTRUCT SPLINE MATRIX 
NP1=N+1 
DO 10 I=l, N 
DO 10 J=l• NP1 
10 A<I,J>=O, 
NM1=N-1 
DO 20 I=2• NM1 








C --------FIND SECOND DERIVATIVES 
CALL GAUSSCA, N• NP1l 
ENTRY SP(X, Fx. Nr Xl) 
C---------FIND F<Xll 
DO 40 I=l• NM1 
IP1=I+1 
lr<Xl .EQ. '.II>> GO TO 50 
IF<X1 .LT. X<I> .AND. Xl .GT. X<IP1>> GO TO 41 
IFCX1 .GT. X<Il .AND. Xi .LT. X<IP1J ) GO TO 41 
40 CONTINUE 
IF!Xl .EQ. XCNll GO TO 60 
WRITE(6, 42) Xl 
42 FORMnT<' Xl='r G14.7, ' OUT OF INTERPOLATION RANGE, 










BI = A<I,NP11/2, 
bf= <FX<IP1>-FXC!))/HI-C2.*HI*ACI,NP1l+HI*ACIP1,NP1))/6, 

























SUBROUTINE ABUILDCX, F, A, N, Il 
C**************************************************************** C CONSTRUCT SPLINE MATRIX FOR FINDING 2ND DERIVATIVES. 
C**************************************************************** 
c 









ACirNP1>=< CFCIP1l-FC!l)/HI - <F<I>-FCIM1ll/HIM1 >*6· 
RETURN 
END 
SUBROUTINE GAUSS<A, N, NP1> 
Gtt.************************************************************** r GAUSS-JORDAN ELIMINATION 
tf************************************************************** DIMENSION AC26,27l .. 
NM1 = N-1 
DO 3 L=l, NM1 
LP1=L+1 
DO 3 I=LP1,N 
CONST=ACI,Ll/ACL•ll 
DO 3 J=L• NP1 
3 ACI,Jl=ACI,Jl-CONST*ACL,J> 
DO 6 I=l, NM1 
IP1=I+1 
DO 6 L=IP1,N 
CONST=ACI,L>/A(L,L> 
DO 6 J=I, NP1 
6 A<I•J>=ACI,J>-CONST*ACL,Jl 




















DO 101 JJ=JSTART1NJ,JSKIP 
J=JSTART+NJ-JJ 









111 FORMATC1H0,13H I = •I2•11I9l 
112 FORMATCSHO J Yl 
113 FORMATCI3vOPF8,5,1X,1P12E9,2l 








JS~; IF'= 1 
1,JF:ITE ( 6, 110) HEAD 
I '3T1'i"= ISTART-12 
100 CONTINUE 
ISTA=ISTA+12 




DO 101 JJ=JSTART,NJ,JSKIP 
J~JSTt1F:TtNJ-JJ 
no 120 I=ISTA·IEND 
()cF'HI<I> 
Ir<APS<Al.LT.1.E-20> A=O,O 
120 ~;TORE (I) =1<:i 
101 WRITEC6·113l CSTORECI>•I=ISTA,IEND.ISKIPl 
IF<IENV.LT.NilGO TO 100 . 
RETUr\N 
110 FORMAT 1H0,17C2H*->•7X,9A4,?X,17<2H-*ll 
111 FORMAT 1H0,13H I = ,12,1119> 
113 FORMAT 12X.1P12E 0 .2) 
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